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Abstract 
Queensland fruit fly, Bactrocera tryoni, is a multivoltine pest species that is 
distributed throughout large parts of eastern Australia.  The adult female lays eggs 
into ripening fruits, where the emergent larvae feed before emerging to pupate in 
soil.  Bactrocera tryoni is a polyphagous species and has been breed from 117 
species of native and commercially produced fruits and fleshy vegetables.  While 
temperature and rainfall are thought to regulate B. tryoni populations in temperate 
Australia, the presence of suitable larval hosts has been postulated as being a key 
population drivers in subtropical and tropical parts of its distribution.  However, such 
assumptions have not been tested and the role of host quality on B. tryoni oviposition 
and larval survival, and the impact that has on the abundance and phenology of fly 
populations has not been well studied.  This thesis examines the impact of B. tryoni 
host use at multiple scales from individuals through to populations.  The work is 
done with a focus on commercial fruits of the genus Citrus and has applied 
implications for fruit fly area-wide management and resistance breeding.  
Bactrocera tryoni oviposition preference and offspring performance was investigated 
among five citrus types, Murcott mandarin, Navel orange, Eureka lemon, Valencia 
orange and yellow grapefruit, under laboratory choice and no-choice conditions.  An 
oviposition preference hierarchy was exhibited by ovipositing females among the 
citrus types, with Murcott mandarin and grapefruit highly preferred.  The overall rate 
of F1 adult production was poor among all citrus types with Murcott mandarin, at 
~20% egg to adult survival, a substantially better host than the other four citrus types 
(0-6%).  In contrast, egg to adult survival in non-citrus hosts such as nectarine, 
loquat and mulberry were around 60-80%. 
Further studies were performed to determine the mechanisms acting to limit survival 
to the adult stage in citrus varieties.  Existing literature reporting the suitability of 
citrus as a host for other tephritid species suggest that, fruit peel properties play an 
important role in oviposition and survival of the immature life stages.  Consequently, 
I focused on the role of citrus morphological and chemical properties on survival of 
B. tryoni to the adult stage.  Using the same five citrus types as in the previous study, 
peel toughness, thickness (including the zest [flavedo] and pith [albedo] layers), oil 
gland size and density, and depth of oviposition were measured using stereo and 
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light microscopy.  With the exception of oil gland size, all morphological 
measurements, including oviposition depth, differed significantly among the five 
citrus types.  The deepest oviposition depth, with eggs laid in the oil, less albedo 
layer were found in mandarin, while for the four citrus types oviposition depth was 
shallower and eggs were deposited into the oil rich flavedo layer.  Of physical 
properties tested, peel toughness and oil gland density showed significant negative 
correlations with ovipositor depth.   
It has been demonstrated in other studies that different layers of the citrus peel have 
different chemical compositions.  Having found that eggs laid by females in the 
flavedo, which is rich in oils and lipid-soluble volatile compounds, my next aim was 
to investigate the direct effects of a selections of these compounds on B. tryoni 
offspring survival.  Peel essential oils were extracted from each of the five citrus 
types used in earlier experiments, and along with six individual essential oil 
components common across Citrus, dose-dependent larval feeding bioassay 
experiments were conducted.  Navel orange, lemon and grapefruit essential oils had 
significant negative effect on B. tryoni egg/larval survival, while the oils of Murcott 
mandarin and Valencia orange did not significantly affect larvae.  Of the six 
individual oil fractions tested, only D- limonene showed a significant negative effect 
on B. tryoni larvae – but this was very dramatic, with tiny concentrations of the 
chemical in diet causing 100% larval mortality.   
While B. tryoni citrus host use was examined under laboratory conditions, I also 
investigated host use behaviour under field conditions to ensure conclusions reached 
from laboratory data were transferable to the field.  Using Ellendale mandarins, 
Valencia orange, Eureka lemon and nectarines, I assessed B. tryoni clutch size and 
offspring emergence from both bagged (after oviposition) and unbagged fruit.  B. 
tryoni clutch size was significantly different among the fruit types, with lemon 
receiving the largest egg clutches.  Fly emergence from the citrus was very low, at 
levels comparable to the laboratory studies, while fly production from nectarine was 
very high.   
Host effects on the population dynamics of B. tryoni were investigated by modifying 
an existing, mechanistic B. tryoni population model to allow the incorporation of 
host quality and abundance parameters.  The sensitivity of the model to a host-
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related larval mortality parameter was tested and found to be significant.  The 
dynamics of B. tryoni populations under different hypothetical arrangements of 
changing host abundance were then tested.  In these scenarios, host quality was 
found to be a more important parameter than host abundance for population growth 
and survival.   
This study concludes that B. tryoni shows a preference hierarchy among citrus and 
that citrus fruits, in general, are poor hosts for B. tryoni.  It further concludes that the 
quality of available hosts plays a major role on the dynamics of B. tryoni populations 
in subtropical and tropical systems. 
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CHAPTER 1 
General Introduction 
1.1 INTRODUCTION 
True fruit flies are insects belonging to the dipteran family Tephritidae, which 
contains many of the most economically important fruit pests in the world (Clarke et 
al., 2011a; Fletcher, 1987; Robinson & Hooper, 1989).  Within the Tephritidae, more 
than 1000 species are placed within the subfamily Dacinae and nearly all of these are 
fruit feeding species (Diaz-Fleischer et al., 2001).  For dacine fruit flies, fruits are 
central to their life history as they represent an essential external resource required 
for the completion of the life cycle (Aluja & Mangan, 2008; Fletcher, 1987).  In 
general all fruit fly species1 have similar life cycles in which reproductive females 
lay mature eggs into fruit, where the emergent larvae feed before emerging to pupate 
in the soil. Larvae pass through three larval stages as they develop inside the fruit, 
feeding upon fruit flesh and microorganisms associated with the decay of fruit 
tissues (Fletcher, 1987; May, 1963).  Larvae are restricted to a single fruit piece and, 
because of this, oviposition by the parental fly is critical for the subsequent survival 
and fitness of her offspring (Fitt, 1986).  Because reproduction can only occur in 
fruit the availability of fruiting host plants is not only essential to individual 
reproduction, but fruit also becomes a central driver of fruit fly population dynamics 
(Drew et al., 1984; May, 1963; Muthuthantri et al.; 2008, Pritchard, 1969).  
Despite the well-known relationships between many fruit flies and their host fruit, 
particularly for the fly species of economic importance (Carey 1985; Clarke A.R. 
2005; Dhillon et al., 2005), this is not the case for Australia’s major pestilent fruit 
fly, Bactrocera tryoni (Froggatt).  In temperate parts of its Australian distribution, B. 
tryoni populations are considered to be primarily regulated by climatic factors, 
especially temperature and humidity (Bateman, 1968; Fletcher, 1975, 1979; Yonow 
et al., 2004).  However, Muthuthantri et al. (2010) found that a B. tryoni population 
model driven largely by abiotic climate factors did not work for the subtropical and 
tropical parts of the fly’s range: rather it was speculated that host availability played 
the dominant role in B. tryoni population dynamics.  Despite the fact that fruit is 
                                                          
1 While recognising the diversity of feeding habits of different sub-families within the Tephritidae, 
when ‘fruit fly’ is referred to in this thesis it refers to frugivorous tephritids, unless otherwise 
explicitly stated. 
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known to play a central role in the individual life cycles and population dynamics of 
B. tryoni (Drew et al., 1984), and despite it’s fly’s major economic importance 
(Lloyd et al. 2010; Clarke, 2011a), published literature on the host use patterns of 
this species are largely lacking (Clarke et al., 2011a). 
Citrus species and varieties are one group of important B. tryoni hosts (Hancock et 
al., 2000),which are widely grown in Australia at commercial and non-commercial 
level.  Bactrocera tryoni attack and infestation are considered major limiters to the 
commercially viable production of citrus and seriously impede domestic and 
international market access (Lloyd et al., 2010).  Despite the importance of B. tryoni 
to the Australian citrus crop, there are no detailed studies of citrus host use by this 
fly.  As a component of strategic research towards the long term management of B. 
tryoni, both in citrus and other crops, this thesis investigates host utilisation of citrus 
by the fly.  The thesis studies both the patterns and mechanisms of adult oviposition 
preference and offspring performance in a range of citrus types.  Detailed work on 
individual insects is then carried through to the population level, by incorporating 
host quality as a biotic variable in a B. tryoni deterministic population model.  The 
thesis thus looks at host use in B. tryoni from the very fine mechanistic level, 
through to its impact on population level dynamics. 
Following this brief introduction, the remainder of this chapter consists of a formal 
literature review.  The literature review covers host use by tephritids under three 
main themes.  The first of these is adult oviposition preference, under which both 
host related (i.e. extrinsic) and insect related (i.e. intrinsic) factors affecting on 
tephritid oviposition preference/acceptance and clutch size are reviewed.  The 
second theme reviewed is tephritid offspring performance and the factors affecting 
egg and larva survival.  Finally, the influence of host related factors on tephritid 
population dynamics in the field are reviewed.  Following from the review, this 
chapter concludes with section outlining the thesis aims, scope and structure. 
1.1.1 Phytophagous insect host use behaviour 
In the process of host plant selection and feeding by phytophagous insects, plant 
chemical and physical features act as stimulant or repellent agents (Endo et al., 2004; 
Hori et al., 2011; Pontes et al., 2010; Renwick, 2001).  Some physical feature like 
spines, hair and toughness of the plant tissue are generally considered as less 
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preferred features for plant feeding insects which reduce the insect host acceptability 
(Dethier, 1941; Pontes et al., 2010; Thorsteinson, 1960; Zalucki et al., 2001).  
Chemicals, especially the host secondary chemicals, nutrients are the other major 
factor that effect on the host plant selection and feeding of phytophagous insects 
(Bernays & Chapman, 1994; Bierbaum, 1990; Renwick, 2001).  The host secondary 
chemicals are not nutritionally important to plant or insects but they are acting as a 
repellent or attractant for the insects.  These plant chemicals can be recognised by 
the insect from distance or sometime when they touch the plant surface (e.g. insect 
may feel the waxy layer of the plant surface) or sometime when they start to feed on 
the plant (Renwick, 1989; Renwick, 2001; Thorsteinson, 1960).  Thus host use 
decision of insect also can change when they land on the host plant and touch the 
surface of it.  If insect still accept the host plant it may start to feed or lay eggs in the 
host plant.  These host plant stimulant/messages are necessary to be encoded by the 
host selector to make decision whether to use the host or not (Renwick, 2001).  
However, the plant selector not always the direct host plant feeder of the lifecycle of 
phytophagous insects.  In the life cycle of the phytophagous insects, plant feeder can 
be the host selector,(e.g. grasshopper (Order : Orthoptera) lady beetle (Order: 
Coleoptera))(Chapman, 2009; Hori et al., 2011) or, in some cases plant selector are 
two life stages of the lifecycle.  For example, in many Hemiptera and Lepidoptera 
species, host selector is the adult stage while plant feeder is immature stages.  Thus 
host plant feeding and their development and survival are highly influenced by the 
parental host selection behaviour while compared to the event that host selector and 
feeder are same life stage where they recognise the host suitability (Endo et al., 
2004; Hori et al., 2011; Thorsteinson, 1960).   
Primary host selector not directly utilize the host 
When host selector are the parent insect and actual host utilizer is the immature life 
stage, adult fly preference for certain host force the immature stages to utilize the 
adult insect accepted host.  If adult insect is not adapted to select suitable host and 
ensure normal development of its immature stages, these immature stages may not 
achieve optimal development by feeding the adult selected host plant (Mayhew, 
1997; Nylin, 1996; Thompson, 1988).  Moreover, immature stages of many insects 
have limited ability to discriminate hosts (e.g. Lepidoptera larvae) (Renwick, 2001).  
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Similarly the range of host plant species that immature stages could develop was not 
the preferred host to oviposit by the adult insect (Fitt, 1986; Wiklund, 1975).  Thus, 
even if host were highly attacked by the adult fly, less host use could be seen in such 
instances.   
1.2. TEPHRITID HOST ACCEPTANCE  
Host plant acceptance can be defined as an insect behaviour in which host choice is 
not random, but rather selection is based on an insect’s ability to discriminate 
between potential host plants based on variation among those plants (Singer, 1986). 
Once the host plant was selected for oviposition the insect examine the host surface 
for insertion of eggs using the ovipositor or stylet to start utilising the host and this 
was defined as the host acceptance (Jung Nam & Hardie, 2012; Powell et al., 1999; 
Powell et al., 2006).  As used in this chapter, host acceptance refers to the start 
utilising the host (or host fruit) by adult oviposition after host selection process of 
host plants by flies.   
A general theory of phytophagous insect host acceptance has not been well defined. 
The reason for this may be because of the range and diversity of potential driving 
variables in such systems (Lack, 1947; Roitberg et al., 1999).  However, a model for 
oviposition behaviour for phytophagous insects has been developed which presumes 
that natural selection favours strategies that maximize lifetime reproductive success 
(Roitberg et al., 1999).  To achieve this insects have to find suitable host(s) within 
the available range of potential hosts, while utilising time efficiently (i.e. optimal 
foraging).  The degree of choosiness among hosts by an insect may be influenced by 
both exogenous factors and endogenous factors.  Exogenous factors can be host plant 
derived (e.g. genotypic and phenotypic differences between hosts, geographic 
distribution of plants), while endogenous factors are insect specific factors (e.g. egg 
load, age, previous experience, underlying genetics and fecundity) (Courtney et al., 
1989; Miller & Strickler, 1984; Stadler, 1986).  Optimal foraging models suggest 
that when highly preferred, good quality hosts are common, an insect will be very 
discriminating against poor quality hosts, but the level of choosiness will decline 
when high quality hosts are less common.  The decision to accept or reject hosts is 
also likely to be highly influenced by an insect’s current egg load and available 
future opportunities to lay eggs (Roitberg et al., 1999).  The interaction between host 
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specific and insect specific factors will impact on the insect’s “decision” whether to 
oviposit, or reject a host and continue the search for a more preferred host.  In the 
following section I detail the different factors that impact on host acceptance by fruit 
flies, including fruit characters, fly attributes, and other external factors. 
1.2.1 Exogenous Factors Influencing Fruit Fly Host Acceptance  
Exogenous factors are stimuli influencing an insect’s oviposition decisions that come 
from the environment; most particularly these are host-plant based stimuli, but they 
may come from other insects or other external cues.  Due to genotypic differences 
among plants, host chemical and physical properties can differ greatly, leading to 
host discrimination by insects.  Similarly plant phenotypic characters (e.g. 
development stage, morphology) may affect host quality and an insect’s host 
acceptance level. 
1.2.1.1 Host physical properties  
Some scientists argue that in oviposition site selection by phytophagous insects, 
physical stimuli are more important than chemical stimuli, especially in short range 
host searching (Renwick, 1989; Szentesi et al., 1979).  Host physical properties 
include, amongst others, the presence or absence of wounds, physical changes 
associated with ripening, and size and shape.  All of these are known to influence 
fruit flies and specific cases are detailed below. 
Pericarp toughness & fruit firmness 
Pericarp (= peel or skin) thickness and toughness are major factors that reduce fruit 
acceptability to fruit flies (Balagawi, 2005; Messina et al., 1991; Rattanapun et al., 
2009; Staub et al., 2008).  Although the pericarp of some fruits soften during 
ripening due to physiological changes in the fruit (Messina et al., 1991), the pericarp 
may never soften sufficiently for fruit flies to penetrate, even when the fruit is fully 
ripe (Bashir et al., 2003; Imsabai et al., 2006).  Irrespective of the ripeness level of 
mango, pericarp toughness prevented oviposition by Bactrocera dorsalis (Hendel) 
(Oriental fruit fly), even though mango is a preferred host (Cornelius et al., 2000; 
Rattanapun et al., 2009).  The relative attractiveness of avocado fruit to B. dorsalis, 
avocado and lemon fruits to Ceratitis capitata (Wiedemann) (Mediterranean fruit 
fly) (Oi & Mau, 1969; Staub et al., 2008; Papachristos & Papadopoulos, 2009), apple 
fruits to Rhagoletis pomonella (Walsh) (Apple maggot fly) (Messina & Jones, 1990), 
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and tomato to B. tryoni (Balagawi, 2005) were all reduced due to pericarp toughness.  
These studies, as well as others (Pritchard, 1969; Rull & Prokopy, 2004; Tracewski 
et al., 1988), have all reported that oviposition preference in tephritids was 
influenced by pericarp toughness, which made the fruit difficult to oviposit into.  An 
almost unique exception in the literature is Rhagoletis juglandis (Cresson) (walnut 
fly), where host preference was not increased with an increase of host penetrability, 
even though penetrability increased as ripening progressed (Nufio et al., 2000). 
Surface integrity 
Fruit wounds and bruising can be produced by ovipositing fruit flies, plant diseases, 
other insects and vertebrates, or by abiotic forces such as rain and wind.  Fruit 
wounding and bruising either destroys the integrity of the fruit peel or, in the case of 
bruising, decreases the toughness of peel.  This makes the fruit more susceptible to 
fruit flies and many fruit fly species prefer to lay eggs into fruit wounds and existing 
oviposition punctures (Bateman, 1972; Christenson, 1960; Papaj & Messing, 1996; 
Prokopy  et al., 1990; Prokopy  & Vargas, 1996).  For example C. capitata showed a 
significantly higher propensity to land on fruit that contained wounds compared to 
intact fruit (Papaj et al., 1989), and subsequently preferred fruit where the wound 
was deepest (Papaj et al., 1989).  The latter study (Papaj et al., 1989) also showed the 
fly had a higher propensity to lay eggs in wounded fruit and oviposition is most 
likely to occur near or directly into the wound.  In addition to simply making 
pericarp penetration easier, flies may also select fruit wound sites (including 
previous oviposition sites) for oviposition as a time saving strategy (Papaj & Alonso-
Pimentel, 1997), as well as to decrease wear to their ovipositor (Lalonde & Mangel, 
1994). 
Laying eggs in wounded areas of fruit is speculated to enhance egg hatchability and 
larval survival, as well as making fruit penetration easier (Greany et al., 1983; Papaj 
et al., 1989; Staub et al., 2008).  While the link between oviposition choice and 
offspring performance is often made (Balagawi et al., 2005, Fernandes da Silva & 
Zucoloto, 1993; Joachim-Bravo et al., 2001b), there is significantly less data directly 
linking female oviposition site selection within a fruit and offspring performance.  In 
undamaged mangoes, but of differing ripeness levels across the fruit, Rattanapun et 
al. (2010) found a positive link between adult oviposition site selection and offspring 
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performance, suggesting that fine scale choices may be made by ovipositing females.  
However, the data are ambiguous with respect to wound responses.  Alternative 
explanations for why female fruit flies prefer wounded fruit do exist and may be 
related to the production of chemical stimulants from wound sites.  Stange (1999) 
demonstrated that the broken skin of fruit allows the escape of large amounts of 
respiratory carbon dioxide and volatile substances from inside the fruit.  Stange 
(1999) suggested and Hull & Cribb (2001a,b) later demonstrated 
electrophysiologically that B. tryoni has a carbon dioxide receptor which responds to 
carbon dioxide concentrations that are 100ppm above ambient (i.e. 360 ppm).  These 
carbon dioxide stimuli assisted in short range oviposition site selection by gravid 
female B. tryoni, with experiments showing that B. tryoni quickly clustered around 
fruit wound spots and would fight each other to gain access to such sites 
Stange,1999).  Importantly, the number of flies attracted to the wound was carbon 
dioxide concentration dependant, reinforcing the dominant role of the chemical 
rather than the wound itself.  Robacker and Fraser (2002a) have similarly suggested 
that the attraction of Anastrepha ludens (Loew) (Mexican fruit fly) to wounded citrus 
fruit, but not intact citrus fruit, is mediated by the odour of wounded fruits. 
While the literature clearly shows that many fruit flies prefer to oviposit into fruit 
wounds, this may not be beneficial to flies in all cases.  In some fruit types, or at 
certain physiological maturity stages, wound areas may contain resins, latex, or other 
wound induced plant products.  Such products are known to negatively affect the 
survival of B. dorsalis eggs larvae in mangoes and papaya (Joel, 1978; Rattanapun et 
al., 2009). 
Fruit ripeness 
Fruit ripening is a period of active physiological change to the fruit.  These changes 
are reflected by changes in colour, tissue firmness, aroma, proportion of starch and 
free sugar, total soluble solids (TSS), and quantities of other organic compounds.  
Ascorbic acid and phenolic acids which may be toxic to immature fruit flies also 
decrease as fruit ripens (Bashir et al., 2003; Imsabai et al., 2006; Lalel et al., 2003; 
Medlicott & Thompson, 1985; Rattanapun et al., 2009; Yashoda et al., 2007).  The 
combined effect of these changes influences the oviposition behaviour of many fruit 
fly species (Prokopy et al., 1995). 
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Bactrocera dorsalis shows clear discrimination between different ripening stages of 
mango fruit.  It was found that as mango ripening progresses, pericarp toughness 
decreases and total soluble solids increase. Changes in these traits were positively 
correlated with a higher attraction of flies to ripe and fully-ripe mangoes over unripe 
mangoes (Rattanapun et al., 2009).  Similar experiments conducted with ripening 
papaya fruit and B. dorsalis and B. cucurbitae (Coquillett) (Melon fly) yielded 
similar outcomes - flies preferred riper fruit (Liquido & Cunningham, 1989).  The 
concentration of benzyl isothiocyanate, a compound toxic to fruit fly eggs and early 
instars and deterrent to adult females decreases as ripening progresses in papaya (Seo 
et al., 1982) and was considered the most likely explanation for the preference of 
these fruit fly species for ripe papaya (Seo et al., 1982).  Rhagoletis indifferens 
(Curran) (western cherry fruit fly) is another documented case where fly oviposition 
preference increased with fruit ripeness, but in this case preference was thought to be 
correlated with increased skin penetrability as fruit ripened (Messina et al., 1991).  It 
is important to note, however, that over-ripe or rotten fruits are not preferred for 
oviposition.  Over-ripe fruit resulted in decreased egg lay by R. cerasi (Linnaeus) 
(cherry fruit fly) and R. indifferens within cherry fruits (Messina et al., 1991). 
Size and shape of fruit 
The size of fruit plays an important role in oviposition site selection among fruit flies 
(Cytrynowicz et al., 1984; Levinson et al., 2003; Nakagawa et al., 1978; Prokopy  & 
Bush, 1973; Prokopy et al., 1984; Prokopy & Roitberg, 1984).  Visual cues are 
important in short range (i.e. within one meter) host finding for R. pomonella 
(Prokopy & Roitberg, 1984) and this fly shows a higher propensity to lay eggs in 
fruit models whose sizes are similar to their natural hosts (Prokopy, 1968; Prokopy  
& Bush, 1973).  Large size fruits are less preferred for oviposition by R. pomonella 
and the congeneric R. indifferens (Messina, 1990).  Ceratitis capitata also showed a 
preference for a certain fruit size range (2-4 cm diameter) (Cornelius et al., 1999), 
despite these fruits coming from different plant families (Prokopy et al., 1984).  Size 
also plays a major role in site selection for oviposition by R. cerasi (Papaj & 
Messing, 1996; Prokopy, 1969; Prokopy & Boller, 1971) and R. juglandis (Nufio et 
al., 2000).  These two species were attracted mostly to fruit models of similar size to 
cherry fruits.  It is thus considered, that for many fruit flies, there is an upper limit 
for sphere size, beyond which attractiveness decreases (Duan & Prokopy, 1992; 
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Prokopy 1968; Prokopy, 1969).  As examples, for R. indifferens, a sphere with 
diameter of 10 cm diameter was found to be optimal (Mayer et al., 2000), and 8 cm 
was the optimal sphere diameter for R. pomonella (Duan & Prokopy, 1992).  The 
three tephritid species (Dacus tryoni, D. neohumeralis, D. cucuminatus) showed 
significantly different attraction to different shape traps. Circular and squar traps 
were more attracted than triangular and rectangular traps. Moreover, flies attracted to 
10 cm spheres shape traps more than 5 cm sphere traps (Hill & Hooper,1984). 
Size alone is not only important in host location by fruit flies, but so also is shape.  
Anastrepha suspensa (Loew) (Carribean fruit fly) was more attracted to natural fruit 
extracts on convex shaped surfaces (e.g. spheres, hemispheres, ellipsoid objects) than 
when the same extract was applied on a flat surface.  Wild flies displayed an absolute 
preference for domes, whereas laboratory bred flies laid eggs in both domes and flat 
surfaces (Greany & Szentesi, 1979; Prokopy & Boller, 1971).  Spherical shapes are 
more attractive than cylindrical, conical or cubical - shaped fruit models to C. 
capitata (Freeman & Carey, 1990; Nakagawa et al., 1978), while A. indifferens was 
more attracted to a spherical shape than a rectangle shape (Mayer et al., 2000).  
Bactrocera dorsalis were more attracted to spherical - shaped versus block - shaped 
fruit models (Cornelius et al., 1999). 
Host colour 
Oviposition host preference of tephritids can be driven by the colour of the fruit 
(Fletcher & Prokopy, 1991; Hill & Hooper, 1984).  Owens and Prokopy (1996) 
reported that R. pomonella was attracted to a colour reflectance range between 350-
580 nm and with decreasing reflectance intensity the attractiveness of fruit increased.  
In other words, this fly species is attracted to darker coloured fruit over light 
coloured fruit, with a fruit colour preference going from black, to orange, to red 
(Messina, 1990).  Rhagoletis cerasi was similarly attracted to dark colours (red, 
black and dark orange) (Prokopy, 1969; Prokopy & Boller, 1971), while R. 
indifferens had an increasing order of host colour preference from red, to black, to 
orange (Messina, 1990).  Owens and Prokopy (1996) found that R. pomonella was 
not sensitive to the colour hue, but the intensity of reflectance was critically 
important.  The background (e.g. sky or vegetation) against which the fruit is seen 
and the position of the fly when looking at the fruit are also important for R. 
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pomonella fruit orientation, most likely because of the impact they have on fruit 
reflectance (Owens & Prokopy, 1986). 
Spectral reflectance preferences for different fly species often fall within quite 
narrow limits.  Anastrepha suspensa were most attracted to an orange colour with a 
peak reflectance wave length range of only 580 – 590 nm (Greany et al., 1977; 
Greany & Szentesi, 1979).  In contrast, B. tryoni, B. neohumeralis (Hardy) (lesser 
Queensland fruit fly), B. cacuminatus (Hering) (solanum fruit fly) and some other 
tephritids found in southeastern Queensland showed significant preference to colours 
with a peak wavelength between 520 – 540 nm (Hill & Hooper, 1984), and C. 
capitata responded to the colour reflecting energy between 500 - 600 nm (Fletcher & 
Prokopy, 1991). 
When tested in conjunction with other cues, colour is often the most important.  
Rhagoletis juglandis females showed significantly greater attraction to green 
coloured real fruit and green coloured fruit models (i.e. no odour) over yellow 
coloured real fruits and fruit models, indicating that colour itself is the major cue for 
that species in choosing oviposition sites (Henneman & Papaj, 1999).  Anastrepha 
suspensa oviposition preference was highly influenced by the colour of host papaya 
fruit.  Oviposition preference to green wax domes or real mature green fruit was 
significantly higher than to yellow wax domes or ripe yellow or colour-break 
green/yellow papaya fruit (Landolt & Reed, 1990; Pena et al., 1986).  Colour 
preference by B. tryoni to blue or white fruit mimics did not differ with size of the 
fruit models (Drew  et al., 2003). 
In summary, tephritid fruit preference may be driven by a range of physical stimuli, 
but often there is one dominant physical factor (e.g. fruit size, colour, ripeness stage, 
etc.) influencing the flies.  This dominant trait may vary between fruit fly species.  
Physical stimulus hierarchies exist in some species, for example in A. suspensa 
shape is the primary cue and colour is secondary (Greany & Szentesi, 1979; Szentesi 
et al., 1979).  Fruit size is a more important criterion than colour and odour in host 
acceptance behaviour in C. capitata (Prokopy et al., 1990; Prokopy et al., 1989), 
while for B. tryoni, B. neohumeralis and B. cacuminatus colour is secondary and 
odour is the primary attractive factor (Hill & Hooper, 1984).  It is recognised, 
however, that under natural conditions the combination of all these factors may 
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contribute in different degrees of host acceptance behaviour of tephritids 
(Economopoulos, 1989).  
1.2.1.2 Fruit Odour 
Of all the cues available to a fly for host orientation, it has been argued for some fruit 
fly species that the primary cue is olfactory.  Bactrocera dorsalis, for example, can 
assess oviposition sites through fruit colour and shape alone, and may also utilise 
gestation and tactile stimuli, but these are all considered secondary stimuli after 
olfactory cues (Jang & Light, 1991; Landolt et al., 1992).  The volatiles of many fruit 
(e.g. mango, guava, orange) are equally attractive to B. dorsalis (Cornelius et al., 
2000).  Not all flies, however, are so strongly responsive to fruit odour, or at least 
some fruit odours.  The polyphagous C. capitata has the receptor potential to 
recognize differences in fruit odours (Hernandez-Ortiz et al., 1996; Light et al., 
1988) and discriminates, by showing preference rankings, between the odours of 
different fruit (Hernandez-Ortiz et al., 1996; Prokopy & Vargas, 1996).  However, 
odour played no significant role in attracting female R. cerasi to host fruit (Prokopy 
& Boller, 1971) or for C. capitata to some hosts (Katsoyannos et al., 1986; Levinson 
et al., 2003; Light et al., 1988). 
Fruit odours not only influence fly attraction, but also oviposition.  Egg laying 
responses of flies such as R. mendax, (blueberry maggot) and R. pomonella, are 
significantly influenced by the attractive effects of fruit chemicals (Averill et al., 
1988; Fein et al., 1982; Frey & Bush, 1990; Prokopy et al., 1973).  Odour of ripe 
coffee berries has a stronger influence on C. capitata oviposition than the odours of 
unripe or ripening berries (Prokopy & Vargas, 1996). 
1.2.1.3 Non-volatile host chemicals  
In addition to volatile chemicals (i.e. odours), the chemical mediation of tephritid 
oviposition is also known to involve non-volatile plant chemicals (Rull & Prokopy, 
2004).  Phytophagous insects assess non-volatile chemicals through direct physical 
contact and can identify both chemical stimulants and deterrents.  Evaluation can be 
carried out by walking, palpation, use of ovipositor sensilla or “drumming” with the 
fore-tarsi.  Such behaviour may help insects discriminate suitable oviposition sites at 
the “within – fruit” level (Eisemann, 1985; Landolt & Reed, 1990; Renwick, 1989; 
Stadler, 1986).  The role of non-volatile chemicals can be demonstrated in laboratory 
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trials using modified, artificial substrates.  For example, acidic media stimulated 
oviposition, while alkali media reduced oviposition by A. suspensa.  Oviposition in 
the same species was also reduced by the addition of sodium chloride and copper 
sulphate to the oviposition substrate (Szentesi et al., 1979).  In contrast, sodium 
chloride stimulated oviposition in R. pomonella (Girolami et al., 1986).  Plant 
chemicals may also have a strong deterrent effect on oviposition.  For example 
naringin, flavonoid present in grapefruit, is a potent oviposition deterrent for A. 
suspensa in laboratory studies (Szentesi et al., 1979).  Similarly, calcium chloride is 
known to inhibit oviposition in fruits by B. tryoni (Eisemann, 1985). 
Host fruit sugar content 
Sugar concentration and other nutrients are known to be major stimulants for 
oviposition by many tephritids.  Use of different citrus fruits by C. capitata is 
influenced by sweetness of the fruit; highest infestation is reported from orange 
which has higher sugar content than the less utilised, and lower sugar content, lemon 
(Staub et al., 2008).  Different sugar types influence fly species differentially: fruit 
sucrose stimulated oviposition in A. suspensa (Szentesi et al., 1979) and R. 
pomonella (Girolami et al., 1986), while fructose is a known oviposition stimulant 
for R. completa (Gresson) and B. tryoni (Eisemann, 1985; Tsiropoulos & Hagen, 
1979).  Sugars are not the only nutritional stimulants.  Anastrepha obliqua showed a 
higher preference for oviposition substrates containing brewer’s yeast and sucrose.  
Brewer’s yeast was identified as the most important attractive agent from those two, 
indicating that female flies were more stimulated by protein in oviposition substrates 
(Fontellas-Brandalha & Zucoloto, 2004). 
1.2.1.4 Influence of insect produced chemicals  
Tephritid oviposition behaviour is highly influenced by chemicals produced by 
conspecific individuals, as well as those produced by other species.  These chemicals 
can be produced by larvae inside the fruit, or by an adult on the surface of the fruit.   
Oviposition deterring chemicals 
Some fruit fly species produce oviposition deterring chemicals (ODCs) to prevent 
repeated oviposition in the same fruit by other flies of the same species.  Once the 
female fly is finished ovipositing, it wipes the ODC onto the fruit by dragging the 
ovipositor across the fruit surface.  The chemical marker left behind acts as a signal 
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to other conspecific flies that eggs have been laid in the fruit (Burnett & Jones, 1978; 
Rothschild et al., 1988) and is thought to be an evolved mechanism to reduce the 
chances of larval overcrowding in fruit (Averill & Prokopy, 1987).  ODCs have been 
reported in C. capitata (Papaj et al., 1992; Prokopy et al., 1978), R. pomonella 
(Averill & Prokopy, 1987; Prokopy 1972; Prokopy & Reynolds, 1998) as well as 
many other tephritids, but are not universal across the tephritids, being noticeably 
absent in Bactrocera (Fitt, 1984). 
Some fruit flies use cues other than ODCs to avoid repetitive oviposition in the one 
fruit.  For example, juice coming from olive punctures made by ovipositing B. oleae 
deters repeated oviposition by conspecific flies: acetophenone and benzaldehyde are 
the fruit chemicals responsible for deterring conspecifics in this species (Girolami et 
al., 1981).  Other Bactrocera species, including B. tryoni and B. jarvisi, discriminate 
against fruit thatcontain developing larvae, but do not produce ODCs.  In this case 
the deterrent cues are chemicals produced as a result of fruit decomposition, caused 
by activity of larvae in the infested fruit (Fitt, 1984).  Bactrocera dorsalis do not 
produce ODCs, but discriminate against fruits containing larvae but not fruit 
containing eggs (Prokopy et al., 1989). 
1.2.2 Other Exogenous Factors Influencing Host Acceptance by Fruit Flies 
Other major factors influencing tephritid host acceptance are biotic components of 
the fruit environment.  These include parasites, conspecific flies and the chemicals 
produced by these organisms.  Abiotic components of the environment (e.g. sun 
versus shade) are also important.  The combination of factors in the fruit 
environment influence can influence tephritid host acceptance decisions (Dukas et 
al., 2001). 
1.2.2.1 Conspecific flies 
The presence of conspecifics attracts tephritid flies to fruit in many species.  B. 
tryoni individuals tend to select fruits that are already occupied by conspecific 
females engaged in oviposition behaviour (but not engaged in pre- or post-
ovipositional behaviour).  Additionally, oviposition boring by B. tryoni was 
relatively quicker when another conspecific was engaged in oviposition (Prokopy et 
al., 1999).  For R. pomonella, the presence of ovipositing conspecifics was a more 
powerful stimulus in oviposition site selection than fruit odours or fruit punctures 
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(Prokopy & Reynolds, 1998).  Ceratitis capitata were similarly attracted to fruits 
with conspecific females present (Prokopy et al., 2000), but for this species the 
deterrent effect of fruit wounds could override the attractant effect of conspecifics.  
The reason behind the influence of conspecific presence on host acceptance is 
poorly, or not, understood for tephritids (Prokopy & Reynolds, 1998).  There is no 
evidence that tephritids on a fruit attract other conspecific females to the fruit 
through chemical signals (Prokopy et al., 2000; Yuval & Hendrichs, 2000).  In fact, 
detection of a conspecific may occur only from very close range (e.g. within 1m), 
when there is a strong visual contrast of a fly against the background of the fruit 
surface (Prokopy et al., 2000; Prokopy & Reynolds, 1998; Prokopy et al., 1999). 
The presence of conspecifics on fruit may also negatively affect oviposition 
behaviour of some tephritid species (Papaj & Messing, 1998).  While female 
aggression on fruit is not observed in some species (e.g. R. pomonella), in the genus 
Bactrocera, for example, aggression among females is common (Shelly, 1999).  
Aggressive behaviour among females for oviposition sites on a fruit has been 
recorded for both B. tryoni and B. dorsalis (Pritchard, 1969; Shelly, 1999), with 
nearly 20% of ovipositing B. tryoni females interrupting the oviposition process to 
drive off conspecific females (Pritchard, 1969).  The lack of ODCs in Bactrocera is 
suggested to be the reason why aggression between females in this genus is more 
common, because it represents a mechanism to minimise larval crowding in fruit 
(Fletcher & Prokopy, 1991).  However, despite Pritchard’s (1969) records, and 
theoretical expectations (Shelly, 1999), other field work has shown that of 79 
recorded ovipositions, only 9 (12.7%) were disturbed by the arrival of conspecific 
individuals in B. jarvisi, B. tryoni and B. neohumeralis (Fitt, 1989).  This evidence 
suggests that aggression on fruit among females in Bactrocera species may not be a 
common phenomenon in the field.  Such a conclusion is also supported by Bateman 
(1968), who found that adult overcrowding in the field among B. tryoni is not 
common. 
Female contests for oviposition sites are known in flies with an oviposition deterring 
compound.  Ceratitis capitata females, despite having a fruit marking mechanism, 
contest for oviposition sites on fruit.  In such contests flies that are actively engaged 
in oviposition are more likely to win than flies searching for an oviposition site.  
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Older flies are also more likely to win a contest than younger ones (Papaj & 
Messing, 1998). 
1.2.2.2 Abiotic environmental factors 
Abiotic environmental factors may influence host acceptability for fruit flies in many 
different ways, but it is a generally poorly studied area.  Ragholetis cerasi showed a 
strong positive response to sunlight in oviposition host selection behaviour and 
hence plants exposed to sun were more attractive than plants in shade (Prokopy, 
1969).  There may be several possible reasons for this relationship.  Foliage which is 
exposed to sunlight may have greater chlorophyll content, hence making the plant 
more visually attractive (Padhi & Chatterji, 1986; Pritchard, 1969).  Alternatively, 
flies may prefer sunlit fruits when host searching is happening in cooler seasons, as 
sunlight will increase the behavioural activity of flies (Prokopy, 1969).  Additional 
to sunlight, rainfall may affect the host marking mechanism of some tephritids (e.g. 
C. capitata), as rainfall can wash ODCs from fruits resulting in repeated oviposition 
into already infested fruits (Averill & Prokopy, 1987). 
1.2.3 Endogenous Factors Influencing Fruit Fly Host Acceptance  
Endogenous factors, in contrast to exogenous factors, refer to insect specific factors 
(e.g. physiological state, genotype) that influence the host acceptance decision.  
Within the same insect species, each individual will differ to the other with respect to 
genetic makeup, age, physiological maturity, egg load and experience with different 
host species.  Due to these differences in insect state, host acceptance behaviour can 
vary between individuals of the same species.  Thus, due to endogenous influences, 
host acceptance levels can be changed even if exogenous influences remain constant 
(Courtney et al., 1989). 
1.2.3.1 Experience  
Previous experience with a particular fruit species can significantly affect the 
subsequent host acceptance behaviour of tephritid fruit flies.  In C. capitata, prior 
experience strongly influences subsequent oviposition behaviour (Cooley et al., 
1986; Prokopy et al., 1989).  The oviposition preference of naive and experienced C. 
capitata differ greatly as experienced flies prefer the previously experienced fruit, 
while naive flies show no additional preference towards any fruit.  Moreover, the 
ability of C. capitata’s ability to learn to refuse novel host types is higher than their 
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ability to learn to accept familiar host types (Cooley et al., 1986).  Host preference 
ranking does, however, vary through the life of the fly.  It is reported that C. capitata 
only showed host hierarchy preference only at the beginning of their reproductive 
life, but later such behaviour becomes insignificant (Joachim-Bravo et al., 2001a).  
The importance of prior host experience has also been shown in other flies.  In A. 
ludens, host attractiveness is largely driven by previous exposure to the host, but not 
by the host itself (i.e. fruit specific characters) (Robacker & Fraser, 2002b).  
Bactrocera tryoni (Prokopy & Fletcher, 1987), B. dorsalis (Prokopy et al., 1990) and 
R. pomonella (Prokopy et al., 1982) are all cases where it has been shown that prior 
experience of a host significantly affects that host’s subsequent acceptability when 
ranked among alternative hosts.  It is important to note, however, that the retention 
period of the memory of host experience can be different with different fruit types of 
fruit and is generally very short (only two days for B. tryoni (Prokopy & Fletcher, 
1987). 
Acceptability of a novel host for an experienced fly may be positively changed 
according to the similarity of the novel host characteristics (e.g. size, shape, colour, 
chemistry) with those of the fruit previously experienced by the fly (Papaj et al., 
1989; Prokopy  et al., 1989).  This is known as cross induction, i.e. the tendency for 
experience by feeding or ovipositing insects with a host, to alter behavioural 
responses to alternative hosts (Papaj et al., 1989).  Cross induction has been 
investigated in laboratory trials with C. capitata (Papaj et al., 1989).  Results 
indicated that previous learning about the size and some chemical components of the 
initial host changed subsequent host preferences.  It was suggested that there is an 
internal template of fruit sizes that are accepted to differing degrees by an individual 
insect.  However, this template “moves” to favour fruit with which females are 
experienced and; simultaneously, acceptance of fruits not experienced by the female 
is diminished (Papaj et al., 1989). 
1.2.3.2 Egg load 
Egg load within the ovaries of female insects significantly affects host acceptance 
decisions (Aluja et al., 2001; Courtney et al., 1989).  Egg load can vary between 
individuals based on age, density of female flies, deprivation of preferred hosts and 
presence of host semiochemicals (Aluja et al., 2001; Aluja et al., 2003; Fitt, 1986).  
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For example, younger flies may have fewer eggs than older flies as the ovaries of 
younger flies are still maturing (Brevault & Quilici, 1999), while deprivation of 
preferred hosts may result in accumulation of eggs in ovaries (Fitt, 1986). 
With high egg load (or alternatively high fecundity), an insect’s host range often 
broadens to include low ranking hosts (Minkenberg et al., 1992).  For example, with 
low egg loads mature C. capitata were not attracted to ripening coffee berries, while 
high egg load females of the same age were highly attracted to ripening coffee 
(Prokopy et al., 1995).  In Neoceratitis cyanescens (Bezzi) (tomato fruit fly), high 
egg load made the fly more responsive to host fruit (Brevault & Quilici, 1999) and 
decreased discrimination shown by the fly between high ranking and low ranking 
fruit species (Prokopy et al., 1994). 
1.2.3.3 Insect nutritional status 
Access to food can influence oviposition behaviour of fruit flies in negative, neutral 
or positive ways.  Deprivation of food negatively affected the attraction of B. 
cucurbitae (Liu & Chang, 1995) and N. cyanescens (Brevault & Quilici, 1999) to 
host fruit species.  On the other hand, the oviposition behaviour of A. ludens and R. 
pomonella was not influenced by short-term nutritional status (Robacker & Fraser, 
2001).  Sugar and protein deprivation for 18-24 hours did not affect host searching 
activity of R. pomonella in field or field cage experiments compared to non-deprived 
females (Malavasi & Prokopy, 1992).  However, in other systems, C. capitata and R. 
mendax were found to have significantly improved host searching activity and host 
discovery rates following protein and sucrose exposure, as was R. pomonella in 
response to sucrose exposure alone (Averill & Prokopy 1987). 
 
1.3 CLUTCH SIZE  
Clutch size is the number of eggs laid in a single oviposition act by a parental female 
(Godfray, 1991).  While clutch size is often framed in terms of optimality theory of 
maximising female fitness within a variable environment and finite life-span 
(Godfray 1991; Papaj &Alonso-Pimental, 1997), it can be alternatively viewed that 
clutch size variation is simply a mechanical result of changes in insect physiology, 
oviposition experience, and host availability and quality (Godfray, 1991; Roitberg et 
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al., 1999; Rosenheim & Rosen, 1991). While a number of extrinsic and intrinsic 
variables have been associated with clutch size variation in tephritids, the following 
section concentrates only on host fruit effects, as this is the component most relevant 
to this thesis. 
1.3.1 Effect of Host Variables on Tephritid Clutch Size 
1.3.1.1 Fruit availability  
The availability of hosts can affect the clutch size of many polyphagous tephritid 
species ( Fitt, 1986; Diaz-Fleischer et al., 2001; Diaz-Fleischer & Aluja, 2003b).  In 
A. obliqua it has been found that host fruit phenology may indirectly influence 
clutches size.  Specifically, in an area where most hosts ripened simultaneously,  
large egg clutches were laid, a result interpreted by researchers as a mechanism of 
the fly to maximise utilisation of fruits while they were available (Aluja et al., 2001).   
Another factor that can influence tephritid clutch size is fruit density within a given 
area.  Fruit density varies in different orchards and fruit trees, and also according to 
the fruiting seasons.  Clutch size in R. indifferens is inversely dependant on fruit 
density within an orchard or a tree (Messina, 1989).  For R. juglandis the strongest 
determinant of clutch size is the number of times a host is located by the fly in a 
given period of time (Ladonde & Mangel, 1994), which provides a potential 
mechanism by which fruit density can be measured by females.  In contrast, fruit 
density did not have significant effect on the clutch size of A. ludens (Berrigan et al., 
1988). 
1.3.1.2. Fruit physical properties  
Size of fruit 
Tephritid clutch size may be influenced by the larval carrying capacity of the host 
fruit.  Tephritid species which specialize on small host fruit often lay smaller 
clutches than flies specializing on larger fruits (Boller & Prokopy, 1976; Fitt, 1989).  
However, variable clutch size is commonly seen in polyphagous species (Aluja et al., 
2003; Berrigan et al., 1988; Díaz-Fleischer et al., 2000; Leyva et al., 1991; 
McDonald & McInnis, 1985; Skinner, 1985), considered an evolved mechanism to 
allow optimal use of fruit of different sizes (McDonald & McInnis, 1985).  For 
example, in C. capitata there is a highly significant positive correlation between 
clutch size and fruit size (McDonald & McInnis, 1985).  Similar results have been 
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found for A. ludens, with an average clutch size of 4.4 eggs in 2 cm diameter fruit 
and 12.7 eggs in an 11 cm diameter host (Berrigan et al., 1988).  However, clutch 
size in A. ludens is not always directly proportional to fruit size, Leyva et al. (1991) 
found that while the smallest fruit contained the smallest clutch, the largest clutch 
was found in the second - largest fruit.  Thus these authors suggested that other host 
characters may also influence the clutch size ‘decision’ in A. ludens. 
Pericarp toughness  
Rind thickness may influence tephritid clutch size (Leyva et al., 1991).  In the field 
B. tryoni lays many more eggs per puncture into hard pericarp fruits (e.g. apple) than 
into soft fruits (e.g. pears) (Pritchard, 1969).  Within the same species of fruit, both 
R. completa (Ladonde & Mangel, 1994) and A. ludens (Diaz-Fleischer & Aluja, 
2003b) have been found to lay larger clutches into hard fruit versus soft fruit.  In 
laboratory experiments, when fruit was already (artificially) punctured, mean clutch 
of C. capitata decreased (McDonald & McInnis, 1985). 
1.4 OFFSPRING PERFORMANCE 
After eggs have been laid, the subsequently emerging fruit fly larvae are completely 
dependent on the host fruit for its food.  This resource is limited and larvae have no 
opportunity to move to another fruit (Fitt, 1986).  Because of variation in the 
mechanical, chemical and nutritional quality of fruits, larval development differs 
greatly among hosts (Bower, 1977; Diaz-Fleischer & Aluja, 2003).  This section of 
the review covers key issues affecting offspring survival and development. 
1.4.1 Fruit species and cultivar 
Variation in host quality can be seen in the same tephritid species between different 
host species (Carey, 1984; Ibrahim & Rahman, 1982; Zucoloto, 1993) and within the 
host species at the cultivars level (Dirks, 1935; Reissig, 1979).  Offspring 
performance of C. capitata is significantly different among different host species, for 
example larval survival is higher in quince compared to mango and tomato, while 
egg mortality is higher in grape, tomato and plum versus mango and quince (Carey, 
1984).  Pupal weight and development time of A. suspensa differs between cultivars 
of carambola (Averrhoa carambola) (Howard & Kenney, 1987).  In different 
varieties of mango (Namdorkmai, Oakrong ) in Thailand, B. dorsalis larval recovery 
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and adult eclosion rate was not different among varieties but pupal recovery, 
immature development rate and egg to adult duration were different (Rattanapun et 
al., 2009).  Host fruit not only affects the larvae and pupae, but can also influence the 
adults F1.  For example the adult longevity of A. fraterculus reared from citrus, guava 
and artificial diet survived for a mean of 3 days, 53 days and 161 days respectively 
(Aluja et al., 2003). 
Studies of the type listed above, for which there are very large numbers in the fruit 
fly literature, indicate that there is huge variation in fruit fly offspring performance 
based on host differences.  The following sections cover in more details what are 
some the specific fruit attributes influencing offspring performance. 
1.4.2 Fruit ripeness 
Ripening of fruits causes many fruit physiological and chemical changes (Bashir et 
al., 2003; Yashoda et al., 2007), which helps to provide favourable host 
environments for developing tephritid larvae (Bower, 1977; Leyva et al., 1991).  The 
effects of fruit ripening are largely consistent across fruit flies, for example 
increasing ripeness of mango is beneficial to larvae of both A. suspensa (Hennessey 
& Schnell, 2001) and B. dorsalis (Rattanapun et al., 2009).  Ripening effects can be 
due to both a declines in toxic chemicals found in some immature fruit (e.g. benzyl 
isothiocyanate in green papaya is toxic to eggs and first instars of B. dorsalis, C. 
capitata and B. cucurbitae (Pena et al., 1986; Seo & Tang, 1982) and a 
corresponding increase in fruit nutrient levels (Diaz-Fleischer & Aluja, 2003).  Fruit 
on trees may also contain chemicals that are detrimental to immature fruit flies, with 
both Bower (1977) for B. tryoni and Ressig (1979) for R. pomonella finding greater 
larval survival in harvested versus unharvested apples. 
1.4.3 Presence of non dietary (secondary) compounds in host 
The fruit from specific plant families or genera have chemicals that resist fruit fly 
egg and larval development (Greany et al., 1983; Papachristos et al., 2009; 
Papachristos et al., 2008).  The acidic media in citrus fruit may not be responsible for 
low level of fruit fly larval success in many Citrus species (Spitler et al., 1984; Staub 
et al., 2008; Papachristos et al., 2009; Papachristos et al., 2008), but rather the peel 
oil is toxic (Back & Pemberton, 1915; Aluja et al., 2003).  This literature is reviewed 
more comprehensively in later chapters of the thesis. 
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1.4.4 Presence of nutritional compounds in host 
The nutritional composition of fruit varies from species to species and within fruit of 
the same species (Wills et al., 1981).  Nutritional quality need not only be driven by 
fruit genotype, but also phenotypic expression, which can be modified by local 
climatic and soil factors (Liquido, 1990; Zucoloto, 1993).  Different fruit nutrient 
compositions may affect fruit fly larval developmental time, percentage pupal 
emergence, adult F1longevity, fecundity and survival rate (Annonymous, 1991; Carey 
et al., 1985; Chua, 1991; Ibrahim & Rahman, 1982; Zucoloto, 1993). 
Total carbohydrate and acidity have been positively correlated with per cent pupal 
emergence, per cent adult emergence and adult size in mango, papaya, carambola 
and in star fruit in Bactrocera dorsalis and B. carambolae respectively (Hing, 1991; 
Annonymous, 1991).  Ceratitis capitata larvae can discriminate between artificial 
larval diets containing different nutrient content in the laboratory, as result that was 
used to suggest that larvae inside the fruit may move to nutritionally superior areas, 
e.g. riper portions of the fruit (Fay, 1988; Zucoloto, 1991).  A direct test of this 
hypothesis with B. dorsalis larvae in mangoes did not find such larval movement 
(Rattanapun, 2010).  Other than carbohydrates, balanced supplies of proteins, 
vitamins and lipids and minerals are necessary to maximise larval performance in C. 
capitata, (Chan et al., 1990; Zucoloto, 1987; Nestel & Nemny-Lavy, 2008).  Fruit 
may also contain potentially toxic levels of nutritional chemicals.  For example, 
excess sucrose in an artificial diet significantly delayed C. capitata larval 
development, although pupal weights were not affected (Nestel & Nemny-Lavy, 
2008). 
1.4.5 Fruit physical attributes 
Fruit physical properties can slow, deteriorate or completely terminate larval 
development.  C. capitata larval recovery can be lowered due to an inability of 
young larvae to move between carpels in citrus (Bodenheimer, 1951), because host 
tissue is too firm for the newly hatched larvae to ingest (e.g. apple, quince) 
(Zucoloto, 1993), or because host tissue is too watery for proper egg chamber 
formation (e.g. tomato, grape) (Carey, 1984; Zucoloto, 1993).  In B. dorsalis, 
differential larval survival between fruits has been attributed to differential host 
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tissue decay and the production of a watery media that is unfavourable for 
developing larvae (Ibrahim & Rahman, 1982). 
1.5 HOST USE AND POPULATIONS OF TROPICAL TEPHRITIDS  
Tephritid host use behaviour has been rigorously investigated in laboratory-based 
experiments (Berrigan et al., 1988; McDonald & McInnis, 1985; Prokopy et al., 
1999), but the implications of such host use behaviour are not always followed up in 
the field (Oi & Mau, 1969).  When tested, laboratory based data may provide 
predictions consistent with field observations (Prokopy & Vargas, 1996; Spitler et 
al., 1984; Staub et al., 2008; Vargas et al., 1995), may be inconsistent (Messina et 
al., 1991; Rattanapun et al., 2009), or may simply not be able to provide the same 
information as field observations.  In summary, knowing the fine details of tephrtid 
host use based on labroatory or field cage trials, is can not immediately be translated 
to understanding field populations of flies.  In this short section, the literature  
review covers tephritid host use in the field and the population consequences. 
1.5.1 Fruit Phenology 
Fruit phenology (and hence abundance) is considered the major factor influencing 
tephritid phenology and abundance in the field (Dorji et al., 2006; Hurtado et al., 
1995; Messina & Jones, 1990).  The phonologies of univoltine, hot specialist species 
are typically very closely associated with the phenology of their hosts, a pattern 
common across herbivorous insects.  For example the abundance of the host – races 
of  R. pomonella are closely associated with late maturing apple and early maturing 
hawthorn fruits respectively (Messina, 1990), while cherry fruit ripeness is closely 
correlated with adult abundance of R. indifferens (Messina et al., 1991).  The 
abundance of polyphagous tephritid species is also likely to be driven by host 
availability, as even in tropical areas flies are not equally abundant all year round 
(Torra Vueti et al., 1997; Clarke et al. 2001; Tan & Serit, 1994; Shukla & Prasad, 
1985; Hurtado et al., 1995).  Peaks of B. tryoni populations in late spring and early 
summer in far northern Queensland were attributed by Muthuthantri et al. (2010), 
Drew &Hooper (1983) & Drew et al., (1984) to the timing of peak fruiting in local 
rainforest. 
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1.5.2 Local Host Plant Composition  
The composition of different host plants in an area throughout the year may also 
affect tephritid population phenology, with different hosts ‘serving’ different 
purposes (Aluja et al., 1996; Katsoyannos et al., 1998).  Ceratitis capitata population 
abundance is highly associated with host fruit abundance and phenology, but for 
different purposes (Harris & Lee, 1986; Katsoyannos et al., 1986; Papadopoulos et 
al., 1996).  In northern Greece C. capitata larvae successfully overwinter in certain 
types of evergreen host trees, especially citrus, which provide physical shelter for 
adults while the fruits of sweet orange and mandarin trees provide continuous 
breeding resources for larvae (Mavrikakis et al., 2000; Papadopoulos et al., 1996).  
Flies emerging in late winter remain in the area and breed in early season fruit 
varieties, such as apricot and bitter orange.  Later in the season hosts like sweet 
orange and fig appear, which again provided breeding resources for C. capitata.  
Thus the combination of hosts within the local area strongly impacts on local C. 
capitata abundance (Katsoyannos et al., 1998).  Such sequential host use is thought 
to be common for most polyphagous, multivoltine fruit flies (Eskafi & Kolbe, 1990; 
Carey, 1984; Aluja et al., 1996; Clarke et al., 2011a). 
1.6 SCOPE AND STRUCTURE OF THESIS 
The above literature review has identified that there are many fruit related factors 
involved in tephritid host utilization behaviour.  Various host physical and chemical 
factors, as well as insect specific factors and external environmental factors influence 
host use patterns of tephritid flies.  In a broader review of literature, work on host use 
behaviour of B. tryoni was noticeably lacking, with only a few laboratory based 
papers on adult preference or larval performance aspects of host use, nothing on 
mechanistic explanation for host use, and only correlative assumptions made about 
the link between B. tryoni host use and population abundance in the field. Such gaps 
in knowledge were also recognised in a recent review focusing explicitly on B. tryoni 
(Clarke et al., 2011a). 
As B. tryoni is the most important insect pest of horticulture in Australia, and 
potentially a model organism for other Bactrocera pest species throughout Africa, 
Asia, Australia and the Pacific, lack of detailed knowledge of its host use behaviour 
is a serious gap in knowledge.  Because B. tryoni is highly polyphagous (Hancock et 
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al., 2000), there are two potential ways to study host use.  One is to study a group of 
highly divergent host fruits and try to discover commonalities between them that 
make them hosts, the second is to take a group of related hosts and look for 
differences that may be associated with differential host use.  The former approach 
was used by Fitt (1983; 1984; 1986) but, the latter approach is the one used in this 
thesis. 
I have used as my model system citrus fruits.  The use of citrus was largely a 
pragmatic choice, based on the availability of a large body of baseline data available 
for B. tryoni populations in a subtropical citrus production area in south-east 
Queensland (Lloyd 2007; Lloyd et al., 2000, 2010).  Citrus is also a crop with an 
annual production in Australia of well over 620,000 mt (Horticultural Australia Ltd), 
nearly all of which is grown in eastern Australia, and so susceptible to B. tryoni 
attack.  Working on B. tryoni in citrus thus offers wider societal benefits if the 
research can help enhance sustainable controls. 
The focus of my thesis is on increasing our knowledge of B. tryoni host utilization.  
The host use behaviour was studied under different ecological and behavioural 
scales, ranging from very fine (literally microscopic) analysis of fly and host fruit 
interactions, through to population assessments by using laboratory and field data to 
parameterise a B. tryoni population model.  In order to explore B. tryoni citrus host 
use, the following specific objectives were set for this study. 
- To investigate adult B. tryoni oviposition preference and offspring 
performance in different citrus types under laboratory choice and no-choice 
conditions 
- To investigate citrus peel physical attributes influencing B. tryoni oviposition 
behaviour and larval survival 
- To investigate citrus peel chemical attributes influencing B. tryoni egg and 
larval survival 
- To investigate adult B. tryoni oviposition preference and fly production 
among citrus fruits in field and semi-field conditions 
- To test the effects of host quality and host abundance on B. tryoni population 
dynamics using a mechanistic, cohort based population model. 
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Given these aims, the flow of research chapters is as follows.  In the first research 
chapter (Chapter 2), B. tryoni oviposition preference and offspring performance are 
recorded among five Citrus species/varieties (Murcott mandarin, Navel orange, 
Valencia orange, Eureka lemon, yellow grapefruit) under choice and no-choice 
laboratory conditions.  The citrus types chosen for this study was based on the 
popular citrus types grown in subtropical Queensland.  Adult oviposition preference 
was measured by time taken for first visit by a female fly, the number of oviposition 
events, the number of total eggs laid and the clutch size.  Immature stage survival 
was measured by mean pupal and adult emergence.  This chapter, published as 
Muthuthantri and Clarke (2012), concludes that B. tryoni females exhibited an 
oviposition preference hierarchy among the different citrus, and that the citrus fruits 
tested are very poor egg/larval hosts for B. tryoni.  Exploring the reasons for poor 
larval host status of citrus for B. tryoni then became the focus for the next two 
chapters. 
In Chapter 3, the peel physical and morphological properties of the same five citrus 
types were investigated using stereo-microscopy and light-microscopy.  Uninfested 
and infested citrus peel tissue physical properties were compared among different 
citrus types and peel properties and ovipositor depth were correlated.  Chapter 3 
results showed that B. tryoni lays eggs in the region of the peel where the peel 
chemicals are concentrated (i.e. the flavedo layer) for all studied citrus types except 
mandarin.  I in Chapter 4 I focus on understanding the impact of citrus peel 
chemicals on B. tryoni egg and larval survival.  Citrus peel essential oil was 
extracted from each citrus type using hydro-distillation and subsequently used on 
larval feeding bioassays.  Bioassays were run not only using the crude oil extracts, 
but also using pure chemicals selected from the essential oil fractions.  While 
Chapter 3 demonstrated that B. tryoni lays eggs into the oil rich flavedo layer in the 
majority of citrus types, the data from Chapter 4 then demonstrated that citrus peel 
oils have significant toxic effects on B. tryoni eggs and larvae. 
Citrus host utilization by B. tryoni in Chapter 2, 3 and 4 were based on experiments 
conducted entirely under laboratory conditions.  To ensure that patters seen in 
laboratory were reflected in field host usage, the experiment reported in Chapter 5 
was undertaken in the field using unpicked fruit on host trees.  Three citrus types, 
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Ellendale mandarin, Erureka lemon and Navel lemon were the three citrus types 
considered while nectarine, a highly preferred B. tryoni host (Ero et al. 2011) was 
used for comparison.  The results of this chapter confirmed the laboratory studies 
and demonstrated the poor host status of citrus, particularly when compared to a 
stone-fruit. 
In Chapter 6 my aim was to examine the effect of variable host quality and 
abundance on the population dynamics of B. tryoni in tropical and subtropical 
systems, where abiotic variables (particularly temperature) should not greatly limit 
populations (Yonow & Sutherst, 1998).  To test the effects of host on B. tryoni 
population dynamics, I used DYMEX, an ecological modelling tool, and 
incorporated larval mortality due to host quality as a mortality parameter.  The 
sensitivity of the model to the parameter was assessed through sensitivity analysis.  
The model was then used to compare the predicted population dynamics of B. tryoni 
in different hypothetical host systems, where there were either large numbers of poor 
hosts (e.g. a commercial citrus growing area),large number of good hosts, orlow 
numbers of good hosts.  This chapter concluded that the quality, but not necessarily 
the quantity of hosts is critical for the maintenance of B. tryoni populations in 
tropical and subtropical agricultural production systems. 
The final chapter integrates the results from of each of the research chapters and 
discusses selected theoretical and applied implications of the findings, as well as 
identifying possible fruitful areas for further research. 
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CHAPTER 2 
Oviposition Preference and Offspring Performance 
of Bactrocera tryoni Among Citrus Types 
 
This chapter has been published as, .  
Muthuthantri, S. & Clarke, A.R. (2012) Five commercial citrus rate poorly as 
hosts of the polyphagous fruit fly Bactrocera tryoni (Froggatt) (Diptera: 
Tephritidae) in laboratory studies. Australian Journal of Entomology, 51, 289–
298. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
2.1 INTRODUCTION 
 
 
28 
 
2.1. INTRODUCTION 
Fruit flies (Diptera: Tephritidae) are among the most serious fruit pests in the world 
(Bateman, 1972; Aluja & Mangan, 2008).  Most fruit fly species have a similar life 
cycle in which mated females lay eggs into ripe fruit where the subsequent larvae 
feed and develop, before leaving the fruit to pupate in soil (Christenson, 1960).  
While some pestiferous tephritids have relatively small larval host ranges, such as 
the monophagous Bactrocera oleae (Rossi) on olive (Fletcher & Kapatos, 1981), and 
oligophagous species such as Rhagoletis pomonella (Walsh) (Prokopy & Roitberg 
1984; Prokopy & Diehl, 1988), many of the major pests are polyphagous, including 
species such as Ceratitis capitata (Wiedemann), Anastrepha fraterculus 
(Wiedemann) and Bactrocera dorsalis (Hendel) (Robinson & Hooper, 1989). 
Bactrocera tryoni (Froggatt) is one such polyphagous fruit fly species, native to 
eastern Australia, which has a wide host range of native and cultivated fruits (May 
1963; Hancock et al., 2000).  It is generally accepted by fruit fly workers that B. 
tryoni prefers mature fruit and exhibits a preference hierarchy for hosts (Bower 
1977; Fitt, 1986; Bateman, 1991; Balagawi, 2006; Clarke et al., 2011a).  The 
oviposition choice of Bactrocera tryoni is influenced by fruit specific characters 
including colour (Drew et al., 2003), surface wounds (Stange, 1999) and pericarp 
toughness (Balagawi et al., 2005); learning may also influence host use in this fly 
(Prokopy & Fletcher, 1987).  In general, however, the factors influencing B. tryoni 
host use and the fly’s preference rankings between different fruit species and 
cultivars remain poorly investigated (Fletcher & Prokopy, 1991; Clarke et al., 
2011a). 
In Australia, B. tryoni is regarded as an important insect pest of commercial and non-
commercial citrus and impacts heavily on both domestic and international citrus 
trade (Heather et al. 1996; De Lima et al., 2007; Lloyd et al., 2010).  No quantified 
data has been published on the fly’s preferential host use of citrus, although qualified 
statements have been made (Smith et al., 1997; Hancock et al., 2000 ; Friend, 1957) 
reported in which on the lethal effects of citrus peel oil to B. tryoni eggs and larvae.  
Reports on direct citrus use in field are conflicting and while it is generally 
considered that citrus is a relatively poor, or infrequently used host of B. tryoni (Hely 
et al., 1982; Smith et al., 1997; Lloyd, 2007), season may play a part with early and 
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late season crops (i.e. autumn and spring crops) being considered more susceptible 
(Veitch & Simmonds, 1929; Smith et al., 1997).  Fruit is not normally considered 
susceptible until it is green mature (Smith et al., 1997), but quantified studies on 
citrus ripening and B. tryoni host use have not been published. 
In other fruit fly-citrus systems, host usage rankings have been quantified.  In the 
Mediterranean fruit fly, Ceratitis capitata, preference rankings for citrus have been 
demonstrated in both the field (Katsoyannos et al., 1998) and laboratory 
(Papachristos et al., 2008; Papachristos & Papadopoulos, 2009).  For example, C. 
capitata shows a greater preference for oranges and mandarin than it does towards 
lemons (Salvatore et al., 2004; Papachristos & Papadopoulos, 2009).  Oviposition 
preference in Mediterranean fruit fly is influenced by citrus fruit characteristics 
including peel oil concentration, colour, peel thickness and toughness, acidity level 
and sugar content (Bodenheimer, 1951; Staub et al., 2008; Levinson et al., 1990; 
Papachristos et al., 2009).  In addition to variation in female oviposition preference, 
offspring performance also differs across citrus types for different fruit fly species 
(Spitler et al., 1984; Krainacker et al., 1987).  Lemon was consistently the poorest 
larval host among commercial citrus types for C. capitata (Spitler et al., 1984; 
Papachristos et al., 2008), Anastrepha ludens (Loew) (Leyva et al., 1991) and 
Anastrepha suspensa (Loew) (Greany et al., 1983).  Grapefruit, in contrast, is a 
favourable host for immature stages of A. luden (Leyva et al., 1991) and A. suspensa 
(Greany, 1985) compared to orange varieties, while orange is a better host for 
immature C. capitata compared to mandarin (Staub et al., 2008). 
Market access of the Australian citrus crop is heavily impacted upon by B. tryoni 
(Lloyd, 2000; Lloyd et al., 2010).  Better quantification of B. tryoni host preference 
and performance across different citrus types will help support field management 
strategies, including the possible creation of areas of low pest prevalence (IPPC, 
2008), as well as assisting in market access negotiations.  In this laboratory-based 
study, I investigated B. tryoni oviposition preference and offspring performance 
among five Australian commercial citrus types; valencia orange, naval orange, 
murcott mandarin, yellow grape-fruit and eureka lemon.  Oviposition was evaluated 
through both choice and no-choice tests and offspring performance assessed through 
both natural oviposition and artificial egg placement.  I also followed host effects 
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through to the F1 generation by assessing F1 female egg production in citrus reared 
flies.  Finally, female oviposition preference was correlated against the fruit factors 
size, peel toughness and sugar content (measured as brix). 
2.2 METHODS 
2.2.1 Flies and fruit 
All experiments were conducted under laboratory condition (25°C, 76 ± 3% RH, 
fluorescent  light 2000 lux) at the [Queensland] Department of Employment, 
Economic Development and Innovation (DEEDI) laboratories at Indooroopilly, 
Brisbane.  Bactrocera tryoni used in these experiments were taken from laboratory 
cultures 34 -37 generations old and reared on a carrot based medium (Christenson et 
al. 1956).  Flies used in experiments came from sub-culture cages holding 
approximately 50 individuals and were consistently between 10 to 14 days old when 
used.  Flies in all trials had ad libetum access to protein, water and sugar, but no 
oviposition substrate until used in experiments. 
Citrus varieties used were Murcott mandarin (Citrus reticulata Blanco), Navel 
orange and Valencia orange (Citrus sinensis (L.) Osbeck), Eureka lemon (Citrus 
limon (L.) Burm. f.) and yellow grapefruit (Citrus paradisi Macf.) (Fig.2.1).  All 
fruits were purchased as certified organically produced.  All fruits purchased were 
organic, naturally de-greened ripe fruit and were one to two weeks in post-harvest 
storage.  Fruits were purchased separately for each experiment and were used within 
one day of delivery to the lab. 
 
31 
 
 
Figure: 2.1: Five citrus types used for oviposition preference and offspring 
performance study. 
2.2.2 Choice and no-choice oviposition tests 
Due to their different fruiting seasons, not all fruit types were available at any one 
time for experiments.  Thus, for choice tests, fruit needed to be divided into two 
groups.  Group 1 fruits (available fresh from the field from mid-September to mid-
October) were Navel orange, lemon and Murcott mandarin; while Group 2 fruits 
(available from end of October to mid-December) were Valencia and grapefruit.  On 
the day of an experiment the required fruit were removed from refrigeration, washed 
thoroughly and allowed to dry under ambient temperature.  The area of stem 
attachment for each fruit was covered with wax to avoid flies ovipositing into an area 
that is not exposed when fruit are on the tree. 
In choice tests, one fruit of each type from the same group was hung in a 30 cm x 30 
cm transparent observation cage by a plastic wire without breaking the peel of the 
fruit (Fig.2.2 A).  In the field both male and female flies can be present on fruit and 
the presence of males can impact upon female oviposition behaviour (Prokopy & 
Reynolds 1998; Prokopy et al., 1999): thus both male and female flies were released 
into each cage.  At 10.00 am six female and six male flies were released into the 
cage and continuously observed until 2.00 pm.  This time period was based on 
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preliminary observations that showed flies were most active during this period; it 
also matches the peak oviposition period of B. tryoni in the field (Ero et al., 2011).  
The choice experiment was replicated 16 times for Group 1 fruits and 19 times for 
Group 2 fruits.  In no-choice experiments conditions were identical, except only one 
fruit of each citrus type was hung in an observation cage and each fruit type was 
replicated nine to 11 times (Fig. 2.2B). 
Figure 2.2:  Observation cages with hanging citrus fruits for choice and no 
choiceexperiments inside the laboratory.  Plastic trays are water trays for the flies. 
(A) Fruits hung for choice experiment (B) Fruit hung for no choice experiment. 
The same oviposition preference parameters were recorded in both choice and no-
choice tests.  For each replicate these parameters were: (i) time taken to first fruit 
visit by a female fly (for each fruit type in choice tests); (ii) number of oviposition 
events in each fruit (summed for all flies); and (iii) total number of eggs laid per 
fruit.  An oviposition event was defined as a fly inserting her ovipositor and 
remaining in that position for more than two minutes.  After a female had left the 
oviposition site that location was marked with a pen and later dissected to count the 
number of eggs laid.  Prior to egg counting, fruit were held at 10°C for three days 
which made the oviposition site more clearly visible.  The number of eggs in the egg 
chamber was counted under 10 × magnification. 
2.2.3 Clutch size evaluation  
Because flies sometimes reuse an oviposition site, it was not always easy to gain an 
accurate measure of clutch size (the number of eggs laid in a single oviposition 
event) in the previous experiments.  To better determine clutch size, a factor known 
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to vary between fruits of different quality for fruit flies (Pritchard, 1969; McDonald 
& McInnis, 1985; Diaz-Fleischer & Aluja 2003), a supplementary set of experiments 
were run.  Choice and no-choice arenas as described above were re-run, with six 
female and six male flies released into the observation cage at 10.00 am.  Once a fly 
oviposited into a fruit and had departed, that fruit was marked and removed from the 
cage, being replaced with a new, matching fruit piece.  The experiment was 
terminated at 2.00 pm and clutch size determined following dissection as described 
above.  Because fruit were removed and replaced following oviposition, the number 
of fruit available for clutch size evaluation varied between fruit types, depending on 
how they were utilised by flies.  Thus in choice tests the number of fruits exposed to 
choice environment were as follows; 12 Murcott, 15 Navel, 16 lemon, 10 Valencia 
and 14 grapefruit.  In no-choice test number of fruits exposed was 23 Murcott, 25 
Navels, 12 lemons, 16 Valencia and 19 grapefruit. 
2.2.4 Immature performance of B. tryoni in citrus 
The performance of immature (egg + larval) B. tryoni stages in the five citrus types 
was assessed through the measure of number of pupae recovered from infested fruit.  
Pupation success was recorded as the number of successfully eclosed adult flies.  
Fruit were infested with eggs via two methods, artificial inoculation and natural 
infestation (i.e. oviposition).  The former method allows knowledge of the exact 
number of eggs at the start of the trial, but is potentially confounded by the artificial 
placement, while the later method starts with naturally placed eggs but the number of 
eggs needs to be approximated. 
Eggs for artificial inoculation were gained from 10-14 day old females using apple 
domes.  To infest a fruit a flap of peel was cut at a ~ 30°angle in two places and 10 
eggs were placed inside each cut.  The peel flap was closed with tape and the fruit 
stored individually on moist vermiculite at 25°C and 76% RH until pupation.  For 
natural infestation, six male and six female flies were released into an observation 
cage in which was hung a single fruit.  Flies were kept in the cage from 10.00 am to 
2.00 pm and the number of oviposition events recorded.  The number of eggs in each 
fruit was then estimated by multiplying the number of oviposition events by the 
mean clutch size estimated from the clutch size evaluation trials.  Fruits were then 
stored until pupation as for the artificially inoculated fruit.  The replicate size for this 
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trial varies from 9 to 15 fruit pieces per fruit type, dictated by our ability to get flies 
to oviposit into fruit. 
Three weeks after infestation vermiculite was sieved to check for pupae.  Thereafter, 
sieving was done weekly for three weeks.  At the final sieving, fruits were split 
opened to check for pupae inside the fruit.  Counted pupae were replaced into damp 
vermiculite until emergence, when the number and sex of the flies were recorded. 
2.2.5 Fecundity of B. tryoni reared from citrus 
Flies emerging from the different citrus types were reared independently until 
sexually mature.  When flies were 14 days old fecundity was measured at weekly 
intervals for four weeks.  Availability of flies from the previous trial dictated sample 
size in this trial.  This resulted in the following cages of flies being established: ex 
lemon 3♂, 5♀; ex Navel orange 13♂, 10♀; ex Murcott 12♂, 12♀; ex grapefruit 
12♂, 12♀.  Once a week apple-juice smeared plastic egging domes were placed in 
each cage for one hour.  The eggs from each cup were then counted. 
2.2.6 Assessment of fruit characteristics 
At the end of each oviposition trial (both choice and no-choice), three fruit 
characteristics were measured for each fruit used: fruit diameter, peel toughness and 
brix value (sugar content).  Fruit diameter was measured using vernire callipers; 
average fruit peri-carp toughness was measured using a Penetrometer (QA Supplies 
Fruit Pressure Tester Model FT 011, measuring range from 0-1000g force) with four 
readings per fruit; while a brix meter (Black RHB-32ATC Brix Refractometer, 
measuring range from 0-32% brix), was used for measuring the total sugar. 
Data analysis 
Data in the paper is summarised as the mean ± SE and alpha is set as 0.05.  No-
choice test data was analysed using one way ANOVA with citrus fruit type as the 
independent variable and total eggs laid, number of oviposition events and clutch 
size as dependant variables.  Post hoc pair-wise comparisons were made using 
Tukey’s test or LSD test depending on equality of variance and equality of sample 
size.  In choice trials, most data from Group 1 fruit (Murcott, Navel and lemon) 
violated assumptions of normality after transformation and were analysed using the 
non-parametric equivalent of the ANOVA, the Kruskal Wallis test, with post hoc 
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pair-wise comparisons made using the Mann Whitney U test.  Testing of difference 
between treatment means for Group 2 fruits (Valencia and grapefruit) were done 
using a two-tailed t-test.  It is important to note that in the choice tests Group 1 trials 
and Group 2 trials are entirely independent of each other and no comparisons should 
be made between fruit across the two trials.  Comparisons across all five fruit can 
only be done for the no-choice trials. 
All data on fruit characteristics violated tests of normality after transformation and so 
was analysed using the Kruskal Wallis H test with the Mann Whitney U test as the 
post hoc.  The Pearson correlation coefficient was used to assess statistical 
relationships between fruit characteristics (peel toughness, brix value, fruit diameter) 
and host utilization parameters (total eggs laid, oviposition number and clutch size). 
2.3 RESULTS 
2.3.1 Oviposition choice tests 
There was a significant fruit effect on time to first female visit for Group 1 fruits 
(Murcott, Navel and lemon) (F2,46=4.02, p=0.025).  Flies took longer to first visit 
Navel than to Murcott, with the time to first visit lemon not different from either 
Navel or Murcott (Fig2.3a).  For group 2 fruits (Valencia and grapefruit), the time to 
first visit did not differ between the fruits (t36 = -1.7, p = 0.08) (Fig 2.3b). 
The number of oviposition events was significantly higher on Murcott mandarin than 
the other two fruits, which were not different from each other (H2 = 11.5, p = 0.03) 
(Fig 2.3c).  Significantly more eggs were laid into Murcott, followed by Navel, with 
very few eggs laid into lemon (H2 = 22.8, p < 0.05) (Fig 1e).  For Group 2 fruits the 
number of oviposition events was significantly higher in grapefruit than Valencia (t36 
= - 2.5, p = 0.01) (Fig 1d), and significantly more eggs were laid into grapefruit than 
Valencia (t36 = -2.1, p = 0.03) (Fig 2.3f). 
Clutch size differences in the supplementary choice tests were not statistically 
compared across replicates as lemon was laid into only two out of 16 replicates, 
while no eggs were laid into Valencia in 14 replicates.  Mean (±SE) clutch size for 
each fruit combined across replicates was as follows: Murcott 16 ± 3.9 (n = 12 
oviposition events), Navel 9 ± 2.0 (n = 15), lemon 1 (n = 1), and grapefruit 15 ± 2.3 
(n = 14). 
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Figure 2.3: Different mean (±SE) measures of Bactrocera tryoni ovipositional 
response to five different citrus types offered in either a three-way (a, c, e) or two-
way (b, d, f) choice test.  The behavioural responses recorded are: (a, b) time in 
minutes between fly release and first visit a fruit; (c, d) number of oviposition 
events; and (e, f) number of eggs laid.  The different fruit types are split into the two 
groups based on their shared fruiting season in the field.  Figures a, c, e; n = 16 
replicates of the combined response of six female flies simultaneously offered one 
piece of each of three fruit types.  Figures b, d, f; n = 19 replicates of the combined 
response of six female flies simultaneously offered one piece of each of two fruit 
types. 
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2.3.2 Oviposition no-choice tests 
When flies were offered single fruits there was a significant fruit effect (F4,43 = 5.4, p 
= 0.001) on the time for first female visit.  Flies took significantly longer to first visit 
lemon than all fruit types except Navel.  There was no significant difference in time 
taken to first visit Murcott, Navel and grapefruit (Fig 2.4a).  The number of 
oviposition events into Murcott, Valencia and grapefruit were not significantly 
different from each other and were significantly greater than the number of 
oviposition events into Navel and lemon (F 4, 42 = 6.7, p < 0.05) (Fig.2.4b).  Murcott 
and grapefruit received significantly more eggs than Navel and lemon, with both 
fruit pairs not significantly different from each other.  The total number of eggs 
received by Valencia was not statistically different to any other fruit type (F 4,42 = 
4.92, p = 0.02) (Fig 2.4c). 
Oviposition only occurred in two out of the 12 lemon replicates (total of 10eggs 
laid), so this fruit was not included in statistical comparisons of mean clutch size 
across fruit types.  For the remaining four fruit, under a no-choice environment, there 
was a significant fruit effect (F (3,54) = 5.3, p = 0.03) on mean B. tryoni clutch size.  
Mean clutch size of Murcott was significantly higher than Navel, Valencia and 
grapefruit, which were not significantly different from each other (Fig 2.4 d). 
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Figure 2.4: Different mean (±SE) measures of Bactrocera tryoni ovipositional 
response to five citrus fruit types when offered under no-choice conditions: (a) time 
in minutes between fly release and first visit to the fruit; (b) number of oviposition 
events; (c) number of eggs laid and (d) clutch size (lemon was not included in the 
graph as not enough oviposition occurred in the experiment).  N = nine replicates per 
fruit type, each replicate consisting of the combined response of six female flies 
simultaneously offered one piece of fruit. 
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Figure 2.5: Mean (±SE) (a) fruit diameter, (b) peel toughness and (c) sugar content 
of five, ripe citrus fruits.  N (Murcott) = 10, n (Navel) = 14, n (lemon) = 18, n 
(Valencia) = 54, n (grapefruit) = 56). 
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2.3.3 Fruit characteristics  
There was a significant difference in fruit size (H4 = 85.9, p< 0.005), peel toughness 
(H4 = 109.5, p <0.005), and brix value (H4 = 54.3, p < 0.005) among the citrus fruit.  
Grapefruit was the largest fruit type tested with lemon the smallest; Murcott, Navel 
and Valencia were not significantly different to each other (Fig. 2.5a).  Lemon peel 
was significantly tougher than all other fruit types, while grapefruit had the softest 
peel: the other fruit types were intermediate between these two (Fig. 2.5b).  Murcott 
and Navel had significantly higher sugar content in the juice than other fruit types, 
but were not different to each other.  Lemon had a significantly lower sugar content 
than grapefruit, but not different to Valencia (Fig. 2.5c).  In all cases except peel 
toughness there were no significant correlations between the measured fruit 
parameters and B. tryoni oviposition behaviour parameters.  Only peel toughness of 
all fruit combined showed a significant negative correlation with total eggs laid (r ) = 
-0.4, p < 0.01,n=50) and the number of oviposition events (r = -0.3, p < 0.01,n=50). 
2.3.4 Immature performance  
When 15 fruit of each fruit type were artificially inoculated with 20 eggs each, pupae 
failed to emerge from lemon, Valencia and grapefruit.  Pupae were recovered from 
artificially inoculated Navel (two fruits, total of seven pupae) and Murcott (three 
fruits, 17 pupae).  When flies were allowed to deposit eggs into fruit, more pupae 
were recovered, although recovery was still low from all fruits except Murcott.  
Significantly more larvae pupated from Murcott than lemon and Valencia, which 
were not significantly different from each other, while pupation from Navel and 
grapefruit did not differ from each other or the other three fruit types (H4 = 27.2, p < 
0.005) (Fig 2.6). 
Based on the estimated initial starting egg loads in the naturally inoculated fruit, only 
a very low percentage of eggs developed through to pupation in all fruit types (Table 
2.1).  With an estimated 21% immature (i.e. egg + larvae) stage survival, Murcott 
supported the highest offspring survival rates in comparison to other fruit types.  In 
contrast no pupae emerged from Valencia orange, even though it is estimated to have 
received a mean of 32 eggs per fruit.  Similarly grapefruit received the highest mean 
number of eggs per fruit, but showed the second lowest pupal emergence rate at an 
estimated 2%.  Paradoxically, while survival rate of eggs/larvae to pupation in 
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grapefruit was very low, adult eclosion of the pupae which did emerge was very high 
at >80%.  Pupal eclosion rates were similarly high in Murcott, but were much lower 
(40-60%) in lemon and Navel oranges (Table 2.1). 
2.3.5 Fecundity of B. tryoni reared from citrus 
This trial was significantly impacted upon by the low number of adult flies reared 
from the different citrus fruit; itself a telling result.  No data was therefore recorded 
for Valencia oranges which yielded no adult flies, while the 12 female flies from 
grapefruit and the five females flies from lemon produced no eggs.  The 12 females 
from Murcott produced a mean of 26 ± 58 eggs per week for four weeks, while the 
10 females from Navel oranges produced a mean of 42 ± 15 eggs per week for four 
weeks.  Egg production was not related to the number of available females, as 
evidenced by the disparity in egg production between flies from Murcott and Navel. 
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Figure 2.6: Mean (±SE) number of Bactrocera tryoni pupae recovered from 
different citrus fruits following natural infestation. N=  9 single fruit replicates for 
Murcott, Navel and grapefruit, 10 single fruit replicates for Valencia and 15 single 
fruit replicates for lemon.  Estimated starting number of eggs for each single fruit 
replicate within a fruit type are: Murcott 96 eggs/fruit, Navel 33, Eureka lemon 29, 
Valencia 32, grapefruit 121. 
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The data pertains to fruit into which B. tryoni were allowed to naturally oviposit for a 
four hour period.  Mean number of eggs laid per fruit is an estimate calculated by 
multiplying the observed number of oviposition events during those four hours by 
the mean clutch size per oviposition event in those fruit types.  Mean clutch size was 
calculated through fruit dissection in a separate study.  ‘Final estimated percent 
production’ is calculated by multiplying ‘% pupal recovery’ converted to a whole 
number (e.g. 21% becomes 21) with ‘% adult eclosion’. 
Table 2.1: Summary of Bactrocera tryoni off-spring performance in five different 
citrus fruits.   
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d  
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production 
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Mal
e 
Femal
e 
Total % adult 
eclosio
n 
 
Murcott 
mandarin 
9 96 389 21% 187 151 338 87% 18.3% 
Navel 
orange 
9 33 63 6% 20 17 37 59% 3.5% 
Lemon 15 
 
29 19 3% 3 5 8 42% 1.3% 
Valencia 
orange 
10 
 
32 0 0% 0 0 0 0 0.0% 
Grapefruit 
 
9 121 50 2% 19 23 42 84% 1.7% 
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2.4 DISCUSSION 
Preference and performance across citrus types 
Bactrocera tryoni showed clear oviposition preference rankings among the tested 
citrus.  In both choice and no-choice situations B. tryoni females took less time to 
first visit Murcott than other fruits, with lemon generally being the fruit to which 
females most slowly responded.  Again in both choice and no-choice situations, B. 
tryoni showed consistently higher oviposition preference for Murcott and grapefruits 
and lower oviposition preference for lemon and Navel (Figs. 2.3 & 2.4).  Murcott 
and grapefruit also received larger clutch sizes and so, along with the greater number 
of oviposition events, consequently received greater total egg numbers than other 
fruit.  In contrast, lemons were infrequently oviposited into and received small egg 
clutches, resulting in an overall low usage pattern by B. tryoni.  Regardless of initial 
oviposition level, off-spring survival was low to very low in all citrus types.  The 
highest pupal recovery was around 20% from Murcott and 0-6% for the other four 
fruit types (Table 2.1).  This is in comparison to 97% pupal recovery of C. capitata 
in orange (Krainacker et al., 1987; Staub et al., 2008) and 65% adult recovery of A. 
ludens in grapefruit (Leyva et al., 1991), but is comparable with an 11% pupal 
recovery of A. suspensa in grapefruit (Greany et al., 1983). 
Host preference ranking for citrus fruits has been demonstrated in other polyphagous 
fruit flies such as C. capitata (Staub et al., 2008; Papachristos et al., 2009) and 
Anastrepha species (Greany & Szentesi 1979; Leyva et al., 1991; Green et al., 1993; 
Raga et al., 2004).  For example, consistent oviposition preference was shown by A. 
ludens to grapefruit (Eskafi 1988; Leyva et al., 1991; Aluja et al., 2003; Mangan et 
al., 2011) and by C. capitata to orange varieties (Levinson et al., 1990; Staub et al., 
2008).  Moreover, lemon is an unpreferred citrus type for both C. capitata (Spitler et 
al., 1984; Zucoloto, 1993; Staub et al., 2008; Papachristos & Papadopoulos, 2009) 
and A. suspensa (Greany et al., 1983).  Such consistent preference towards certain 
hosts by fruit flies could occur due to both host physical (Papaj et al., 1989; Nufio et 
al., 2000; Balagawi, 2005) and chemical (Fitt,1984; Levinson et al., 1990) 
properties. 
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Factors explaining host use 
While sugar is an oviposition stimulant for B. tryoni (Eisemann & Rice, 1985), as 
well as other fruit fly species (Rattanapun et al., 2009), there was no significant 
correlation between juice sugar content and oviposition in the current study.  This 
may be because B. tryoni’s ovipositor does not reach the sugar rich fruit pulp due to 
thickness of citrus peel compared to many other B. tryoni hosts (e.g. stone-fruit and 
pome-fruit), but this would need to be tested.  Alternatively, oviposition deterrents 
present in citrus peel (e.g. naringin, 5-7 dymethoxy cumarin, linalool) (Szentesi et 
al., 1979; Greany et al., 1983; Mangan et al., 2011), may reduce the both the number 
of oviposition events and clutch size (Tanaka, 1965; Levinson et al., 1990; Tania et 
al., 2004), and this also needs to be tested for B. tryoni.  Peel toughness, combined 
across all fruit, was negatively correlated with oviposition number and total eggs 
laid.  Tough skinned lemons were least preferred by B. tryoni, while preference was 
shown for the relatively soft skinned Murcott and grapefruit were more highly 
preferred.  Peel physical and chemical factors, as well as fly ovipositor 
characteristics are all known to influence fruit fly oviposition behaviour (Aluja & 
Mangan, 2008).  However these factors are poorly researched for B. tryoni (Clarke et 
al, 2011a) and more work, particularly within the citrus context, is clearly needed. 
Citrus as a B. tryoni host 
The present study demonstrates that oviposition alone is not a good reflection of the 
true host status of citrus to B. tryoni.  Overall fly production was less than 20%, and 
generally less than 4%, in all the tested citrus types, even though initial egg load was 
quite high in some fruits (Table 2.1).  This indicates that offspring survival was very 
poor.  Immature fruit fly survival in citrus has been shown to be highly affected by 
the peel essential oil (Friend, 1957; Greany et al., 1983; Salvatore et al., 2004; 
Papachristos et al., 2009), with appropriate egg positioning within the oil rich 
flavedo layer crucial for larval survival (Papachristos et al., 2008).  The importance 
of precise egg placement was demonstrated in this study by the results of artificial 
inoculation versus natural inoculation.  Pupal recovery was higher in naturally 
infested fruit, possibly because the fly ovipositor may detect the peel chemicals and 
so lay eggs in lower risk areas (e.g. away from oil cells) (Aluja & Mangan, 2008; 
Mangan et al., 2011), something which cannot be done when artificially inoculating 
fruit with eggs.  These results suggest it is worthwhile further investigating B. tryoni 
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egg positioning within citrus peel and, as previously recognised by Friend (1957), 
better quantifying the impact of peel essential oil on B. tryoni larval survival. 
Citrus peel properties alone are not the only fruit factor influencing offspring 
survival in B. tryoni.  For Navel oranges and Eureka lemons, adult emergence from 
the pupal stage was three-quarters to one-half of that reported for Murcotts and 
grapefruit (Table 2.1).  This suggests that for those larvae which did survive to 
pupation, some part of the diet was either toxic, or at least limiting, to further 
development.  A similar result was reported by Rattanpun et al. (2010), who found 
adult emergence from pupae which had developed from mature green mango was 
only half of that of pupae originating from fully ripe mango.  Potential limits in 
larval diet also appear to flow on to the subsequent adults, with for example no eggs 
collected from the 23 female flies reared from grapefruit. 
While a laboratory based study, the results presented here have important 
implications for field management and market access.  I can, for example, 
hypothesise that Murcott would be a preferred host in the field and may be capable 
of producing potentially damaging levels of flies if left unmanaged.  In contrast the 
other four citrus types are poor oviposition hosts and/or unsuitable for offspring 
survival.  The fact that any adult flies which do emerge from at least some of these 
hosts may be physiologically unable to develop eggs is worth retesting within the 
context of market access negotiations.  Having made these comments, it is important 
to add the caveat that the results of laboratory based cage-experiments can vary in 
field situations (Mangan et al., 2011) and this always needs to be kept in mind when 
interpreting results.  For example, Murcotts ripen in the spring when the climate is 
favourable to flies (Fletcher, 1987) and populations are increasing (Muthuthantri et 
al., 2010), so both the host fruit itself and the environment will likely enhance the 
chances of the fly using the fruit.  On the other hand, Navels ripen in winter, a period 
climatically unsuitably for B. tryoni, and so field utilisation will again be modified 
by the host/environment interaction, but this time negatively.  The issue of picked 
versus unpicked fruit should also be considered.  This is an issue generally ignored 
in all fruit fly host utilisation studies, including those presented here, where only 
harvested fruit are used.  However, for apples at least, Bower (1977) has 
demonstrated significantly different host performance outcomes depending on 
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whether fruit was on-plant or off-plant and such comparisons should be more widely 
made.  The stage of ripening, from immature through to over-mature is also known 
to impact on both adult fruit fly preference and larval performance (Greany. 1985; 
Rattanapun et al., 2009) and this needs to be pursued for B. tryoni.  Regardless of 
these caveats, the consistent theme of the results of this paper is that the commercial 
citrus types tested are poor hosts of B. tryoni. 
Thesis progress 
This chapter demonstrated a significant oviposition preference ranking among citrus 
types by the polyphagous B. tryoni.  Further, very poor egg and larval survival 
occurred in all citrus types.  As discussed, several other tephritid species have also 
shown poor host utilisation of citrus and this work leads me to postulate that poor B. 
tryoni larval performance in citrus could be due to peel physical and chemical 
characteristics.  To understand how citrus peel properties influence B. tryoni 
immature performance, it is necessary to know the exact positioning of B. tryoni 
eggs laid into citrus peel, as well as the degree of variation of peel physical 
characters among citrus types. Therefore, in the next chapter (Chapter 3), I 
investigated the peel physical characteristics of the same five citrus types I used in 
this chapter.  I investigated the relative positions of eggs laid by the fly into the 
different citrus types, the microphysical environment of the eggs, and how peel 
physical attributes influence B. tryoni oviposition depth and larval survival.  In the 
chapter following that (Chapter 4) I investigated the peel chemical attributes. 
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CHAPTER 3 
Effect of Citrus Peel Physical Properties on 
Bactrocera tryoni Oviposition Behaviour 
 
 
 
 
 
 
 
 
 
 
 
 
48 
 
3.1 INTRODUCTION 
In the previous chapter I demonstrated poor to very poor B. tryoni offspring 
performance in different citrus types.  This was not correlated with the fruit variables 
of size, brix and peel toughness and so there is need for more detailed work to 
identify the specific fruit properties that influence B. tryoni performance in different 
citrus.  In most citrus fruits eggs are deposited into fruit peel and peel structural and 
mechanical properties are considered important factors influencing egg hatching and 
larval development (Jones, 1989).  Given this, the current chapter investigates 
differences in peel morphology between my target citrus species and identified 
where B. tryoni eggs are positioned with respect to peel components.  The next 
chapter explores the second important component of peel, the peel essential oils, and 
the two chapters combine to give an in-depth analysis of citrus peel and B. tryoni 
egg/larval performance. 
Citrus peel consists of several layers that impose different mechanical and chemical 
constraints to insects.  As illustrated in Fig. 3.1, citrus peel consists first of an outer 
cuticle and parenchyma cell layer.  The flavedo layer, located just below the cuticle 
and parenchyma layer, is a coloured layer that contains the majority of the oil glands 
in the peel: to the layman the first three layers are the citrus ‘zest’.  Below the 
flavedo is the light coloured, spongy, albedo layer.  The albedo and the skin between 
carpals (segments) contain very few oil glands (Ladaniya, 2007).  The pulp contains 
the nutritionally valuable part of the fruit and is never toxic in Citrus, although it 
may be highly acidic. 
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Figure 3.1: Diagrammatic cross section of the peel and pulp of a ‘typical’ citrus 
fruit.  From the outside in the layers are: (C) cuticle; (P) parenchyma cells; (F) 
flavedo; (A) albedo, (O) oil gland and (Ca) carpel or pulp. 
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The first barrier encountered by a female fruit fly when she attempts to lay eggs into 
citrus is the mechanical resistance of the citrus peel.  Thick fruit cuticle and small 
diameter epidermal cells increases the ovipositor pressure required to penetrate the 
host (Jones, 1989).  In addition to peel toughness, peel elasticity is also an obstacle 
for fruit fly ovipositor penetration (Aluja & Mangan, 2008; Birke et al., 2006).  
Many citrus species and varieties have relatively thick peel (e.g. 2-20mm range), 
which makes it difficult for many fruit fly species to place their eggs into the 
nutritious, but deeper pulp (Aluja et al., 2003; Staub et al., 2008).  Peel mechanical 
resistance further reduces the possibility of flies depositing eggs in the deeper part of 
the peel.  Thus many fruit fly species lay eggs in flavedo or albedo layers of the peel 
(Fig 3.1c & b), rather than into or adjacent to the nutritional and non-toxic pulp (Fig. 
3.1a) (Eskafi, 1988; Greany et al., 1983; Mangan et al., 2011; Papachristos & 
Papadopoulos, 2009). 
Fruit fly egg placement within citrus peel is considered a critical feature influencing 
offspring performance (Aluja & Mangan, 2008; Greany et al., 1983; Papachristos et 
al., 2008).  Egg deposition into the oil rich flavedo layer can impose both physical 
and chemical constraints on egg and larval development.  Mechanically, emerging 
larvae may face difficulty in passing through the wall of the egg chamber, a cavity 
within the peel made by the ovipositing adult into which eggs are placed (Back & 
Pemberton, 1915), as it may become thick and woody.  Mechanical resistance also 
comes from the albedo layer when larvae migrate to the pulp.  Chemically, when 
larvae try to reach the nutritious pulp they may rupture oil glands, releasing the 
essential oils that are deleterious to the first instar larvae of many fruit flies (Back & 
Pemberton, 1915).  These constraints are such that Papachristos et al. (2008) 
reported that Ceratitis capitata first instar larval survival is almost zero if eggs are 
placed in the flavedo.  In contrast, if eggs are laid into oil-less albedo or pulp, larval 
survival is higher in both C. capitata (Papachristos et al., 2008) and Anastrepha 
suspensa (Greany et al., 1983).  Irrespective of the location within the peel where the 
female lays her eggs, the larvae still have to migrate to the pulp, as this is the 
nutritious part of the fruit.  In thicker peeled citrus larvae will take more time to 
reach the pulp, increasing the physical and chemical challenges they face (Leyva et 
al., 1991).  Back & Pemberton (1915) reported lower fruit fly larval mortality in thin 
and loosely attached peel citrus types (Chinese orange, sour orange, tangerine), than 
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in sweet orange types with tighter, thicker peels, as larvae faced less physical 
resistance from the peel in reaching the pulp. 
Some workers have argued that peel mechanical characteristics are the dominant 
factors influencing larval survival and oviposition depth behaviour of fruit flies and 
should be a part of any study of fruit fly host use (Greany, 1985; Jones, 1989).  
Given this, and in the context of understanding the processes influencing differential 
host utilisation of citrus by B. tryoni, the aims of this chapter are: 
- To investigate where B. tryoni lays its eggs in the peel of different citrus 
species / varieties, to investigate the environment surrounding the egg 
chamber and   
- To investigate peel physical characteristics flavedo thickness, albedo 
thickness, oil gland size, oil gland density in different citrus types and how 
these differences may affect B. tryoni oviposition depth. 
 
As for the previous chapter, the five citrus types observed here are Murcott 
mandarin, Navel orange, Eureka lemon, Valencia orange and yellow grapefruit.  This 
chapter deals only with the mechanical aspects of the peel, the following chapter 
(Chapter 4) deals with the oil chemistry of the peel. 
 
3.2 METHODS 
3.2.1 Fruit material 
The peel of five citrus types (Murcott mandarin, Navel orange, Eureka lemon, 
Valencia orange and yellow grapefruit) were examined using stereo-digital and light 
microscopy to quantify their physical properties.  Fresh fruits were purchased from a 
commercial supplier, washed with tap water, dried and then stored in refrigeration. 
Peel properties were determined by examining nine Murcott mandarins,  eleven 
Navel oranges, twelve Eureka lemons, four Valencia oranges and twelve yellow 
grapefruits.  The lower numbers of Valencia and Murcott were due to their seasonal 
scarcity at the time of the experiments.  For each Citrus type the following peel 
measurements were taken: thickness (mm) of the flavedo and albedo layers and total 
peel thickness (cuticle + flavedo + albedo); mean oil gland size (µm); mean distance 
between two consecutive oil glands (µm); and mean gland density. 
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To study the positioning of B. tryoni eggs in the peel, 10 to 14 days old mated fifty 
female B. tryoni flies were exposed to fresh fruit of the five citrus types for one hour 
in a 30cm × 30cm × 30cm cage.  Each time a fly oviposited, the oviposition depth 
site was marked with a pen.  Two Murcott, four Navel, four Valencia, five lemons 
and three grapefruit were exposed in this way.  Infested fruits were kept in an 
incubator at 14°C until dissection, which increased the visibility of the mark caused 
by oviposition.  Focusing on oviposition sites, the following measurements were 
taken for each citrus type: depth of oviposition into the peel; and size of the egg 
chamber. 
3.2.2 Tissue preparation for digital stereo microscope examination 
An approximately 1cm long, 2mm wide peel section was removed from a chosen 
citrus type using a scalpel: the number of sections examined for each fruit type is 
given in Table 3.1.  Peel sections were taken from anywhere on the fruit except for 
the areas immediately adjacent to either the top (i.e. stem end) or bottom of the fruit.  
These thick (i.e. hand-cut) cross-sectional peel sections were examined under a 
digital stereo-microscope (AM311 Dino-Lite Handheld microscope) and digital 
photographs of the cross sectional view were taken at 30-65 x magnification. 
These images were used to measure flavedo thickness, albedo thickness and total 
peel thickness (cuticle + flavedo + albedo) of each citrus type.  Each image was 
taken as one replicate for the corresponding citrus type.  The width of flavedo layer 
was taken by drawing a line perpendicular to the cuticle and extending it to upper 
albedo layer (Fig. 3.2 -F).  Then the same line was extended until the end of the 
albedo at a perpendicular angle to upper albedo layer and this length was taken as 
albedo thickness (Fig. 3.2 -A).  The total thickness was automatically calculated 
using dinocapture software associated with the stereo micrograph. 
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Figure 3.2: Digital stereo microscopic image of citrus peel tissue showing the 
measurements made for (F) flavedo thickness and (A) albedo thickness. 
Table 3.1: Number of citrus peel replicates made in the current study.  “Infested” 
means oviposited into by Bactrocera tryoni. 
Citrus type No. of 
uninfested tissue 
sections (digital 
stereo 
microscope) 
No. of 
uninfested 
tissue slides 
(Light 
microscope) 
No. of infested 
tissue sections 
(digital stereo 
microscope) 
No. of infested 
tissue slides 
(Light 
microscope) 
Murcott 
mandarin 
12 12 20 10 
Navel orange 27 21 29 22 
Eureka lemon 46 32 7 5 
Valencia orange 24 14 13 5 
Yellow grapefruit 34 21 9 8 
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Infested fruits each contained multiple oviposition depth sites and each of these was 
taken as an independent replicate when measuring characters related to oviposition 
depth.  Measurement of oviposition depth site characteristics was achieved by first 
removing the general area of peel where an oviposition site had been marked.  The 
surface of this section was then observed under the stereo-microscope to identify the 
exact ovipositor entry point.  Once the oviposition depth site was identified, a single 
cut was made to bisect the oviposition depth mark.  The resulting cross sections were 
then observed under the digital stereo-microscope.  If eggs were present in the cross 
section that peel section was taken for further examination; the number of infested 
peel samples obtained from each citrus type is given in Table 3.1.  Peel sections with 
identified egg chambers and eggs were photographed using digital stereo microscopy 
and the characteristics of the injury made by the fruit fly ovipositor examined.  When 
the path of the ovipositor was not visible, the perpendicular length from the top of 
the egg chamber to the outside of the peel was measured and this was assumed to be 
the oviposition depth.  The vertical length of the egg chamber was also recorded 
(Fig. 3.3). 
 
 
55 
 
 
Figure 3.3 Digital stereo microscopic image of citrus peel tissue following 
ovipoistion by Bactrocera tryoni showing the oviposition depth (OD) and the egg 
chamber with eggs (EC).  [NB: the contrast and brightness of this image have been 
modified for illustrative purposes]. 
3.2.3 Tissue preparation for light microscopy 
All the peel samples observed under the digital stereo microscope were fixed in 
formalin acetic acid (FAA) immediately after examination and initial data recording.  
These sections were then processed for thin section cutting and examination using 
light microscopy (LM).  Samples were first dehydrated in a graded ethanol series 
(Table 3.2) and embedded in paraffin.  Paraffin embedded peel samples were thin 
sectioned (15µm) using a rotary microtome (LKB – Bromma, rotary microtome).  
Thin tissue sections were mounted onto Super Frost positively charged slides and the 
slides were kept in the oven at 37°C for 24 hours to dry.  The tissue slides were de-
paraffinised followed by rehydration and then stained with toluiodine blue, 
dehydrated and covered with glass cover slip (Table 3.2).  During sectioning and 
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chemical processing, some tissue slides became unusable and the final numbers of 
peel samples mounted for LM are presented in Table 3.1. 
Table 3.2: Tissue preparation steps for citrus peel sections slide mounted for light 
microscopy. 
Tissue dehydration (D1) and 
paraffinization 
 
Time Temperature (°C) 
Tissue dehydration 
70% Ethanol 1hr 37 
90% Ethanol 1hr 37 
90% Ethanol 1hr 37 
100% Ethanol 45min 37 
100% Ethanol 45min 37 
100% Ethanol 45min 37 
100% Ethanol 45min 37 
Xylene 45min 37 
Xylene 45min 37 
Xylene 45min 37 
Wax 30min 60 
Wax 30min 60 
Wax 30min 60 
Wax 30min 60 
pump in/out 24min  
 
Embedding in paraffin 
   
De-paraffinization   
Xylene 1 10 minutes Room Temperature 
Xylene 2 10 minutes Room Temperature 
 
Rehydration   
Xylene: Absolute ethanol (1:1) 5 min Room Temperature 
Absolute ethanol 1 5 minutes Room Temperature 
Absolute ethanol 2 5 minutes Room Temperature 
90% ethanol 5 minutes Room Temperature 
70% ethanol 5 minutes Room Temperature 
50% ethanol 5 minutes Room Temperature 
DI water for more than 5 minutes Room Temperature 
 
Staining   
Toluidine Blue 
5 minutes 
 Room Temperature 
 
Dehydration   
90% ethanol 2 minutes Room Temperature 
Absolute ethanol 2 minutes Room Temperature 
Absolute ethanol 2 minute Room Temperature 
Xylene 1 2 minutes Room Temperature 
Xylene 2 minimum of 2 minutes Room Temperature 
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3.2.4 Data from light microscopy 
Material analysed by light microscopy were clear tissue sections.  These sections 
were photographed under 4× magnification and the images analysed using Basic 
Image Analysis (NIS Element), with the images calibrated to a micrometer.  Oil 
gland size was measured by taking the distance from top to bottom of the gland.  
Depending on the visible oil glands present,  1-3 glands/slide were measured with 
total N Murcott = 11, N Navel = 23, N lemon = 32, N Valencia = 23, N grapefruit = 26.  Mean 
distances between oil glands were measured by taking the distance between two 
neighbouring glands in a sample (N Murcott = 10, N Navel = 17, N lemon = 19, N Valencia = 
20, N grapefruit = 15).  Mean gland density was obtained from the images taken using 
the digital stereo microscope.  Using the imaging software, a square was drawn 
which enclosed all the oil glands, flavedo and albedo in the tissue slide.  The number 
of oil glands in that square was counted and then divided by the square area to 
generate the gland density per cm2 of peel (N Murcott = 15, N Navel = 18, N lemon = 16, N 
Valencia = 9, N grapefruit = 14).  Mean oviposition depth (N Murcott = 20, NNavel = 23, 
Nlemon = 5, NValencia = 8, N grapefruit = 8) and mean egg chamber height (NMurcott = 20, 
NNavel = 23, Nlemon = 5, NValencia = 8, N grapefruit = 8) were measured from the stereo 
digital microscopic images as stained slides did not show clear ovipositor path.  Peel 
toughness, fruit size and brix value of the five citrus types obtained for Chapter 2 
were also utilized for this chapter’s data analysis. 
Data presentation /analysis  
The complexity of the data generated required a number of different presentation and 
analytical approaches: these are presented in dot point as follows. 
1. Mean flavedo thickness, albedo thickness and total peel thickness data were 
compared in one - way ANOVA and pair - wise comparisons were performed 
using the LSD test.  Similarly, mean oil gland size and mean oil gland 
distance between two consecutive oil glands across five citrus types were 
compared using one way ANOVA test and an LSD post hoc test.  When 
multiple measurements (i.e. oil gland size and oil gland distance) were taken 
per slide these data were averaged and included in the analysis as one data 
point. 
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2. Mean oil gland density were compared across five citrus types using one - 
way ANOVA and pair - wise comparisons were done using LSD test. 
3. Differences in mean B. tryoni oviposition depth across five citrus types were 
compared using one - way ANOVA test and post hoc pair wise - comparisons 
done by LSD test.  
4. Pearson correlation analysis was done to test for significant correlations 
between oviposition depth and oil gland size, oil gland distance, oil gland 
density, flavedo thickness, peel toughness, fruit size and brix value.  
5. Multiple regression analysis was done to test the significance of the effect of 
peel toughness and gland density against oviposition depth. 
6. Because existing literature places such importance on fruit fly egg survival 
being dependent on where the eggs are placed with respect to the oil-rich 
flavedo layer, a data summary presentation was made to compare mean 
oviposition depth against flavedo thickness for the five citrus. 
 
Note: All statistical analysis was done after testing if the statistical test 
assumptions are valid. 
 
3.3 RESULTS 
3.3.1 Physical peel properties 
The five citrus types differed significantly in all peel properties measured.  The 
thickness of flavedo differed significantly across the five citrus types (F 35,4 = 8.97, 
p<0.05), with the flavedo thickest but not significantly different from each other in 
Navel and Valencia oranges, thinnest in Murcott and grapefruit, with lemon 
intermediate (Fig 3.4a).  Albedo thickness also significantly differed across the citrus 
types (F 35, 4 = 11.7, p <0.05) and was thickest in grapefruit and thinnest in Murcott 
and Valencia (Fig. 3.4b).  Across the five fruits, grapefruit had the thickest peel 
overall, with Murcott and Valencia the thinnest (F 4, 35 = 9.82, p < 0.05) (Fig. 3.4c). 
Mean oil gland size differed significantly across the five citrus types (F 4, 29 = 5.006, 
p = 0.003), with post - hoc tests demonstrating that the oil glands of Valencia 
oranges were significantly larger than the other four citrus types, which were not 
significantly different from each other (Fig 3.5a).  The distance between 
neighbouring oil glands was significantly different across the citrus types (F 4, 29 = 
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6.288, p = 0.001).  Distance was greatest and not significantly different between 
Murcott, lemon and grapefruit, with Navel and Valencia having the mean shortest 
inter-gland distances (Fig. 3.5b).  Finally oil gland density also differed significantly 
among the citrus (F 67, 4 = 18.24, P < 0.05), with highest oil gland density in Navel 
and Valencia, with lemon, Murcott and grapefruit having lower and not significantly 
different oil gland densities from each other (Fig 3.5c). 
 
Typical cross-sections from the flavedo and albedo of each the five citrus are 
illustrated in Fig. 3.6.  
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Figure 3.4: Mean (±SE) thickness of the (a) peel flavedo, (b) peel albedo and (c) 
total peel (cuticle + flavedo + albedo) of five citrus types. 
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Figure 3.5: Mean (±SE) (a) oil gland size, (b) distance between neighbouring oil 
glands and (c) oil gland density in the peel of five citrus types 
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 Murcott flavedo     Murcott albedo 
      
 Navel flavedo               Navel albedo 
 
 
Figure 3.6: Light micrograph of oil glands in the peel of five citrus types.  Aldehyde 
fixed longitudinal, Toluiodine stained sections (15µm). (O). Oil gland, (O.I) 
Immature oil gland, (C) Cuticle. Bar represent 1000µm. 
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Eureka flavedo     Eureka albedo 
 
       
Valencia flavedo     Valencia albedo 
 
Figure 3.6 (continued): Light micrograph of oil glands in the peel of five citrus 
types.  Aldehyde fixed longitudinal, Toluiodine stained sections (15µm) . (O). Oil 
gland, (O.I) Immature oil gland, (C) Cuticle. Bar represent 1000µm. 
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Grapefruit flavedo             Grapefruit albedo 
 
Figure 3.6 (continued): Light micrograph of oil glands in the peel of five citrus 
types.  Aldehyde fixed longitudinal, Toluiodine stained sections (15µm) . (O). Oil 
gland, (O.I) Immature oil gland, (C) Cuticle. Bar represent 1000µm. 
3.3.2 Location of B. tryoni eggs in the citrus peel  
Typical citrus peel cross – sections (both thick sections and thin sections) showing 
the eggs and/or egg chamber for each of the specimens from the flavedo and albedo 
of each the five citrus types are illustrated in Fig. 3.7.  It should be noted that both 
digital stereo microscopy and light microscopy fail to clearly detect the path 
ovipositor in nearly all preparations.  Mean oviposition depth into peel differed 
significantly across the five citrus types (F 51,4 = 7.04, p < 0.05).  Oviposition depth 
in Murcott was significantly deeper than all other citrus types, and was shallowest in 
lemon and grapefruit, with the other fruits intermediate between those (Fig. 3.8a).  
The height of the egg chamber was not significantly different between by citrus 
types (F 13, 9 = 0.312, p = 0.86) (Fig 3.8b).  When the oviposition depth was 
compared to flavedo thickness, it was found that only for Murcott could B. tryoni 
deposit eggs beyond the oil rich flavedo layer: in all other fruits oviposition depth is 
lesser than flavedo thickness (Fig. 3.8c). 
There was a significant negative correlation between oviposition depth and oil gland 
density (r = - 0.38, p = 0.01) and peel toughness (r = - 0.436, p = 0.003) (Fig. 3.7).  
However oviposition depth was not significantly correlated with oil gland distance (r 
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= 0.074, p = 0.612), flavedo thickness (r = -0. 02, p = 0.87), fruit size (r = 0.09, p = 
0.54) or brix value (r = 0.27, p = 0.07).  The multiple regression function between 
oviposition depth against peel toughness and gland density was significant (F(2,40) = 
5.12, p = 0.01) and R2 = 0.204.  The slope of the relationship between oviposition 
depth and peel toughness was -0.42 (p = 0.005) and between oviposition depth and 
gland density was -0.12 (p = 0.43). 
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Figure 3.7: Relationship between peel toughness and oil gland density of citrus with 
oviposition depth (a) peel oil gland density vs. oviposition depth (b) peel toughness 
vs. oviposition depth.  
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Figure 3.8: Bactrocera tryoni oviposition depth into five citrus types illustrating (a) 
mean (±SE) oviposition depth (b) egg chamber height and (c) relationship between 
oviposition depth and thickness of the flavedo layer.  In (c) a positive measurement 
means eggs are laid into the flavedo layer, a negative measurement (i.e. for Murcott) 
means eggs bypass the flavedo and are laid into the albedo layer. 
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Figure 3.9: Longitudinal sections of stereo digital micrograph (SD) and aldehyde 
fixed longitudinal, tolu iodine stained sections (15µm) of light micrograph (LM) of 
B. tryoni oviposited peel sections of five citrus types.  (O) oil gland, (C ) cuticle, (F) 
Flavedo, (A) Albedo, (EC) Egg chamber  
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3.4 DISCUSSION 
Peel morphology and B. tryoni oviposition depth  
Results showed that peel thickness, flavedo thickness and albedo thickness differed 
significantly across the five citrus types.  The two orange varieties, Navel and, 
Valencia, had very similar peels, with their flavedo, albedo and total peel thickness 
not being significantly different from each other.  Bactrocera tryoni oviposition 
depth also did not differ between these two citrus types.  Eureka lemon had the same 
total peel thickness and albedo thickness as the two oranges, but its flavedo thickness 
was significantly thinner than the oranges. Interestingly, oviposition depth by female 
B. tryoni into Eureka lemon was shallower than in any other citrus type.  On the 
other hand, the flavedo thickness of lemon was not different from yellow grapefruit, 
which in turn was not significantly different to Murcott mandarin, yet the oviposition 
depth into Murcott was significantly deeper than either lemon or grapefruit.  Further, 
oviposition depth into Valencia and grapefruit did not differ, despite flavedo 
thickness and albedo thickness being significantly different between these two fruits.  
These conflicting data indicate that flavedo, albedo or total peel thickness do not 
explain the differences in B. tryoni oviposition depth in different citrus types. 
In general, mature mean ovipositor sheath length does not differ significantly within 
a fruit fly species (Birke et al., 2006).  Thus differences in B. tryoni oviposition 
depth in peel of five citrus types is due to a fruit factor, but most likely due to peel 
properties other than simple thickness, such as peel toughness, peel elasticity, cell 
compactness in peel tissue (Back & Pemberton, 1915; Jones, 1989).  Peel toughness 
is reported to be a main peel property influencing fruit fly oviposition depth (Birke et 
al., 2006; Jones, 1989; Staub et al., 2008).  The data presented in this chapter 
supports this hypothesis, showing a significant negative correlation between peel 
toughness and oviposition depth across the citrus types.  Lemon had a significantly 
tougher peel than the other fruit types and this may be the main reason why 
oviposition depth was shallowest in lemon peel.  Alternatively, peel toughness was 
not significantly different in Murcott, Navel and Valencia, but oviposition depth was 
significantly deeper in Murcott than Navel and Valencia.  This indicates that there 
may be other factors affecting fly oviposition depth besides peel toughness. 
71 
 
Several fruit fly workers have reported that peel chemicals may influence fruit fly 
oviposition depth (Eisemann, 1989; Leyva et al., 1991).  Again my results support 
this, showing a significant negative correlation between gland density and 
oviposition depth.  However, with respect to the many other fruit properties 
influencing on oviposition depth, effect of gland density is not significant.  
Nevertheless the data presented in this chapter showed that Navel and Valencia have 
higher gland densities than Murcott, indicating that Navel and Valencia have higher 
oil concentrations in the peel than Murcott.  The mechanism behind this relationship 
is presumed to be the ovipositor sensilla, which can detect peel chemicals during 
insertion of the ovipositor into a fruit (Eisemann, 1989; Jones, 1989).  If the 
ovipositor sensilla detect these peel oil chemicals, the fly may avoid or reduce the 
number of eggs laid as reported for C. capitata (Bodenheimer, 1951; Levinson et al., 
2003) and A. obliqua (Mangan et al., 2011).  Thus, there could be some indirect 
effect from gland density/ oil concentration on citrus peel with high gland density 
(e.g. Navel and Valencia oranges) to receive shallower oviposition depth  than in 
Murcott mandarin. 
B. tryoni oviposition depth and immature survival and development  
Due to reasons discussed above, B. tryoni was found to be able to oviposit past the 
flavedo layer only in Murcott out of the five citrus types tested (Fig.3.8).  This 
means that for the other citrus types B. tryoni eggs are being laid in oil rich flavedo 
layer and the larvae have to move longer distances to reach the nutritious pulp.  
While so doing they have to overcome the chemical resistance of the flavedo and the 
mechanical resistance of the albedo, which can increase mortality and delay 
development of larvae (Leyva et al., 1991). 
The oil concentrated in the flavedo is reported to be an unfavourable environment for 
many tephritid immature stages and the deposition of eggs in the flavedo increases 
larval mortality (Aluja & Mangan, 2008; Leyva et al., 1991; Papachristos et al., 
2008).  If citrus peel chemicals have significant negative effects on B. tryoni 
immature stages, then it might be assumed larval mortality will be higher in those 
fruits where the eggs are deposited in the flavedo (i.e. lemon, Navel, Valencia and 
grapefruit), than when eggs are deposited in the albedo (i.e. Murcott).  Evidence for 
this pattern is demonstrated in the results of (Chapter 2).  However, before was to be 
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assumed the cause of differential performance of B. tryoni in citrus hosts, negative 
effects of the citrus peel oils needs to be shown.  There is no published data on the 
effect of citrus peel oil chemicals on the immature stages of B. tryoni, even if there 
are for other tephritids (Eskafi, 1988; Greany et al., 1983; Papachristos et al., 2008).  
This then is the focus of the next chapter, in which I explore how citrus peel 
chemicals affect B. tryoni immature stages. 
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CHAPTER 4 
Effect of Citrus Peel Volatiles on Bactrocera tryoni 
Larval Survival 
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4.1 INTRODUCTION 
It was demonstrated in Chapter 3 that citrus peel physical characters, such as 
toughness/cellular compactness, thickness and oil gland density, influenced the depth 
of ovipositor penetration by female Bactrocera tryoni.  These peel physical 
characteristics significantly affected the region of the peel in which eggs were 
inserted during oviposition by Bactrocera tryoni for five citrus types.  With the eggs 
placed in different region of the citrus peel (e.g. flavedo vs. albedo), the emergent 
first instars may encounter different chemical environments when they emerge 
because of the concentration of the oil glands in the flavedo.  In this chapter I 
explore how the citrus oils, both crude blends and individual oil components, affect 
the eclosion and survival B. tryoni larvae. 
As for many insects (Al Dakhil & Morsy, 1999; Hafeez et al., 2011) and pathogens 
(Fuselli et al., 2008; Viuda-Martos et al., 2008), citrus peel essential oils have a 
significant effect on the eggs and larvae of fruit flies as they develop inside the fruit 
(Aluja et al., 2003; Greany et al., 1983; Papachristos et al., 2008).  As soon as a first 
instar larva emerges from its egg and becomes mobile in the peel, it has the potential 
to rupture oil glands and be exposed to the concentrated peel oils (Back & 
Pemberton, 1915).  The chemical microenvironment will differ depending on citrus 
species (Giovanni, 2010), peel depth (i.e. flavedo/albedo/pulp) (Papachristos & 
Papadopoulos, 2009) and maturity of the fruit (Greany et al., 1983), but in general 
citrus peel oil has significant negative effects on tephritid larval survival and 
development (Papachristos et al., 2009). 
Papachristos (2009) reported that first instar C. capitata have zero percent survival 
when exposed to concentrated orange and lemon peel oil, while Greany (1983) 
similarly reported that A. suspensa larvae have zero percent survival in lemon and 
only very low survival in orange and grapefruit peel oil.  The level of toxicity does, 
however, differ among citrus species and varieties (Papachristos et al., 2009).  
Papachristos (2009) observed that at lower concentrations lemon oil is less toxic than 
orange oil to C. capitata larvae, while Greany (1983) reported that grapefruit oil is 
less toxic than lemon oil to A. suspensa.  Such differences in oil toxicity between 
different citrus types has also been demonstrated for other insects, such as mosquito 
larvae (Hafeez et al., 2011) and fungal pathogens (Viuda-Martos et al., 2008).  For 
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fruit flies it is considered that the toxicity of different citrus types is due to the 
different quantities and compositions of citrus peel oil (Papachristos et al., 2009).  
Quantity of peel oil can vary among citrus types due to peel physical factors such as 
oil gland size and oil gland density (Bodenheimer, 1951); while the concentration of 
oil fractions present in peel oil varies with citrus genotype, soil, season of fruiting, 
and fruit ripening (Giovanni, 2010; Hosni et al., 2010) (Table 4.1). 
Table 4.1: Oil fraction from different citrus types (Giovanni, 2010; Papachristos et 
al., 2009; Shaw, 1979). 
Oil 
fraction 
concent
ration 
Bitter  
orange 
Grape- 
fruit 
Percian  
lime 
Mandari
-n 
Tanger
-in 
Sweet 
 orange 
Bergmot  
oil 
Lemon 
P 
Cymene 
 
0.02 0.33 0.12-1.28 0.01 trace-
o.06 
.01-3.61 .02-.14 0.02 
Limone
ne 
 
91-94 83 48 65-77 94 91-96 24-54 59-76 
Mycene 
 
 
1.6-3.1 1.37-
3.67 
1.26 1.57-
2.27 
1.86 1.71-2.04 .36-2.33 1.28-
1.75 
 
α  - 
pinene 
 
0.29-
0.89 
0.38 2.46 1.75-
5,24 
0.53 0.36-1.4 .7-1.84 1.47-
2.13 
β - 
pinene 
 
 
0.29-
0.89 
0.02-
0.05 
21.1 1.15-
2.44 
0.03 tr-.11 4.11-
10.6 
5.96-
16.5 
Sabinen
e 
 
0.12-
0.45 
0.42-
1.08 
3.06 .1-.59 0.29 .24-.8 .72-1.69 1.12-
2.59 
γ - 
Terpine
ne 
 
traces 0.01-
0.12 
8.12 12.97-
22.75 
traces 0.33 1.15-
11.38 
7.95-
9.64 
Neral 
 
 
 
 
Not 
found 
0.03-
0.05 
1.56 Traces 
- 0.03 
Trace
s -
0.07 
Traces -
0.018 
0.04-
0.36 
0.57-
1.98 
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Citrus essential oils containing high levels of oxygenated monoterpenes (e.g. citral, 
linalool) are highly toxic to tephritid larvae (Greany et al., 1983; Papachristos et al., 
2009; Salvatore et al., 2004), particularly in comparison to oils with high levels of 
monoterpene hydrocarbons (limonene, pinene) which have a lower toxicity 
(Papachristos et al., 2009).  However, the oxygenated monoterpene concentrations in 
citrus oil reduce as fruit ripens and after harvest, while hydrocarbon monoterpene 
concentrations only slightly reduce with ripening and storage (Greany et al., 1983; 
Salvatore et al., 2004).  Because of these changes in the essential oil fractions during 
ripening and after harvest, many citrus peel oil extracts have very low concentrations 
of oxygenated monoterpenes as the fruit is harvested and stored before the oils are 
extracted.  Thus while the oxygenated monoterpenes are known to be highly toxic to 
tephritids, in some studies it is the monoterpene hydrocarbons which are considered 
primarily responsible for larval mortality, e.g. for C. capitata larvae in citrus oil 
(Papachristos et al., 2009). 
The published literature on survival and development of B. tryoni in citrus fruit, and 
what factors may influence survival and development within the fruit, is lacking 
(Lloyd et al., 2010).  As for other tephritids, citrus peel chemicals may influence 
immature B. tryoni survival and development (Friend, 1957), but this has never been 
tested.  Building on Chapter 3, which investigated the physical properties of citrus 
fruit peel, this chapter determined the effects of different citrus peel oils and oil 
fractions on B. tryoni larval survival.  The aim is to better understand which fruit 
factors affect production of B. tryoni from citrus fruits.  More specifically, the 
objectives of this chapter are to: 
1) Investigate B. tryoni larval survival in diets modified with the addition of 
peel essential oil extracts of five citrus types (Murcott mandarin, Navel 
orange, Valencia orange, Eureka lemon and yellow grapefruit). 
2) Investigate B. tryoni larval survival in diets modified with the addition of six 
selected essential oil fractions, namely α-pinene β-pinene, p-cymene, 
myrcene, γ-terpinene and D-limonene.  
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4.2. METHODS 
4.2.1 Citrus essential oil extraction 
4.2.1.1 Peel preparation 
Peel essential oil was extracted from five citrus types.  Murcott mandarin, Navel 
orange, Eureka lemon, Valencia orange and yellow grapefruit.  Fresh citrus fruits 
were bought from a commercial supplier, thoroughly washed with tap water, wiped 
and dried at room temperature.  The flavedo layer (yellow part or zest) of the peel 
was then removed from the fruit and cut into approximately 1cm2 pieces.  One 
hundred and fifty grams of peel (the peel from approximately six fruit pieces) was 
used for each extraction (Fig.4.1).  Ten replicate oil extractions of each citrus type 
were made. 
 
 
Figure 4.1: Small peel pieces of citrus peel prepared for essential oil extraction. 
 
4.2.1.2 Oil extraction  
One hundred and fifty grams of peel was placed into a round bottom, 1000 ml flask 
that was then filled with 250ml distilled water.  Essential oils were obtained by 
subjecting the peel to hydrodistillation using a Clevenger apparatus  (Fig. 4.2) for 
three hours at 100°C, with the distillate then dried over anhydrous sodium sulphate 
and stored in a freezer at –20°C until used.  A small portion of the oil (~15 µL) was 
retained for gas chromatographic analysis. 
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Figure 4.2: Clevenger apparatus set up for citrus peel oil extraction.  Citrus peel was 
filled in the round bottom flasks. 
 
4.2.1.3 Chromatographic analysis  
Oil samples were diluted 1 in 1000 in hexane (Sigma) before analysis.  Samples 
(1 µL) were analysed using a gas chromatograph (GC) (Agilent 6890 Series) coupled 
to a mass spectrometer (MS) (Agilent 5975) and fitted with a silica capillary column 
(Agilent, model HP5-MS, 30 m × 250 µm ID × 0.25 µm film thickness).  Data were 
acquired under the following GC conditions: inlet temperature, 250°C; carrier gas, 
helium at 51 cm.s-1; split ratio 13:1; transfer-line temperature, 280°C; initial 
temperature, 40°C; initial time, 2 min; rate, 10°C.min-1; final temperature, 260°C; 
final time, 6 min. The MS was held at 280°C in the iron source with a scan rate of 
4.45 scans.s-1. 
Peaks that were present in blank hexane (control) samples were discarded from 
analysis in test samples.  Tentative identities were assigned to peaks with respect to 
the National Institute of Standards and Technology (NIST) mass spectral library.  
Mass spectra of peaks from different samples with the same retention time were 
compared to ensure that the compounds were indeed the same.  Major peaks and 
their relative area were determined. 
The extraction and chromatographic analysis were carried out by Dr Andrew Hayes 
of the Queensland Department of Agriculture, Fisheries and Forestry, Boggo Road 
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EcoSciences Precinct, with the PhD candidate actively involved in the extraction 
process. 
4.2.2 Citrus oil feeding assay 
4.2.2.1 Larval diet 
Carrot media was used as the base B. tryoni larval diet (Christenson et al., 1956), to 
which a different oil or oil concentration was added.  The approach for testing the 
effects of citrus peel oils on tephritid larvae by adding oils to a base diet is well 
established in the literature (Papachristos et al., 2009; Salvatore et al., 2004).  For 
each treatment 3 g of carrot media was mixed with the required volume of citrus peel 
essential oil with each treatment was replicated three times.  The amount of oil 
mixed with the diet for the first treatment of each citrus type was determined based 
on the oil yield (µL/g of peel) for that citrus type (see Table 4.1). More specifically, 
the oil volume mixed with 1 g carrot diet for the first treatment of each citrus type 
was as same as the oil volume in 1 g of peel from the corresponding citrus type.  The 
carrot diet/oil mix for each of the three replicates within a treatment was made as a 
single mix, before each of the 3g replicates was individually weighed, placed in 
small plastic cup and labelled. 
4.2.2.2 Oil concentrations used in feeding bioassays 
The oil extractions were done according to the seasonal availability of each citrus 
type.  This meant that Navel orange, lemon and grapefruit oils were extracted in 
consecutive weeks (as they were all available) and the larval feeding assays were 
started with these three citrus types.  Initially 11 concentration treatments were 
planned for each of these three citrus types, such that there would have been the base 
oil concentration (= oil yield), plus five concentration steps increasing and 
decreasing from the base oil concentration.  However, in preliminary experiments, it 
was found that larval mortality in all citrus essential oil types was only slightly less 
than 50% at the base oil concentrations and so a decision was made to focus on 
increasing oil concentrations to determine lethal concentrations.  Using the literature 
for other tephritid species (Papachristos et al., 2009), what was thought to be a likely 
upper oil concentration required to kill most larvae was then estimated, with 
intermediate treatments incrementally spaced between the base oil level and the 
upper oil level.  However, while doing the feeding assays, it was found that even the 
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highest treatments were not enough to decrease larval survival significantly.  Thus 
five additional treatments, at greatly increased concentrations, were done for Navel, 
lemon and grapefruit oil bioassay until all extracted oil was used.  The oil 
concentrations used are provided in Table 4.1. 
Due to their seasonal availability, the Murcott and Valencia peel oils were extracted 
after the Navel, lemon and grapefruit bioassays were finished.  Learning from the 
results of the three earlier bioassays, the highest oil concentrations for Murcott and 
Valencia bioassay were set at 240µL oil/g carrot, and concentration treatments again 
focused on concentrations above, rather than below, the base oil concentrations.  For 
Valencia, the base oil concentration was taken as the first concentration treatment as 
the oil yield was low for this fruit and the available oil was conserved for treatments 
at higher concentrations (Table 4.1). 
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Table 4.2: The volumes of citrus peel essential oil of five citrus types used per 3g of 
carrot diet in Bactrocera tryoni larval feeding bioassays.  
Treatment  Murcott 
essential oil  
(µL) 
Navel 
essential oil 
(µL) 
Lemon  
essential oil 
(µL) 
Valencia  
essential oil 
(µL) 
Grapefruit 
essential oil 
(µL) 
T1 3 12.27 6.09 13.44* 5.31 
T2 15.6* 15.27 9.09 60 8.31 
T3 30 18.27* 12.09* 90 11.31* 
T4 60 21.27 15.09 120 14.31 
T5 90 24.27 18.09 135 17.31 
T6 120 27.27 21.09 150 20.31 
T7 135 30.27 24.09 165 23.31 
T8 150 33.27 27.09 180 26.31 
T9 165 36.27 30.09 195 29.31 
T10 180 39.27 33.09 210 32.31 
T11 195 42.27 36.09 225 35.31 
T12 210 72 48 240 54 
T13 225 102 78  84 
T14 240 132 108  114 
T15  162 138  147 
T16  180 180  180 
*Represents the oil yield equivalent obtained from 1g of peel (i.e. base oil 
concentration)  
 
4.2.2.3 Insects 
Bactrocera tryoni eggs were obtained from a laboratory colony maintained by 
Queensland DEEDI, Boggo Road Ecosciences Precinct, Brisbane.  This colony was 
16 – 17 generations old, fed with unlimited food (sugar and hydrolysed yeast) and 
kept in a controlled temperature (CT) room at 25°C and 70% RH.  Eggs were 
obtained from the culture using plastic egging domes.  Eggs from the egging dome 
were transferred to water in a Petri dish, where ten eggs were subsequently counted 
out and submerged in the oil-mixed carrot media.  Manipulation of eggs was done 
with a fine paint brush under a dissecting microscope to avoid damage to the eggs.  
The individual diet cups were subsequently placed into larger plastic containers 
(30cm x 10 cm) which had wet sponge pieces placed on the bottom to maintain high 
ambient humidity.  Finally, the plastic containers were kept in a completely dark CT 
room at 25°C and 70% RH. 
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4.2.2.4 Preliminary experiments 
In order to better design the main feeding bioassays (see below), two preliminary 
trials were run.  The design and outcome of these trials are provided here. 
The first preliminary experiment investigated the durations for B. tryoni egg hatching 
and each of the three larval instars.  This trial was done using the conditions 
described above, with the diet containing base oil concentrations for Navel, lemon 
and grapefruit: ten replicates were established for each citrus type.  Each day, 
beginning at trial Day 2 (i.e. the day after eggs were placed on diet), two replicates 
were taken from each treatment and eggs/larvae were counted.  Any larvae found 
were identified to larval stage using Elson-Harris (1988).  The days taken for egg 
hatching and first appearance of first, second and third larval instars were recorded.  
This preliminary experiment showed that by trial Day 5 larvae had developed to late 
first instar and early second instar. 
The second preliminary trial investigated the location of B. tryoni larvae at different 
times in Navel orange, lemon and grapefruit.  The citrus fruits were artificially 
infested by lifting a flap of peel, into which 15 B. tryoni eggs were placed and the 
peel flap then sealed using masking tape; three such inoculations were made into a 
single fruit piece.  This treatment was replicated two times for each citrus type and 
the fruits were placed on wet vermiculate and kept in a CT room at 25°C and 70% 
RH.  One flap was opened from each citrus type from trial Day 3 onwards (as two 
days are required for egg hatching) and the locations of emerged larvae were 
observed under a 10x dissecting microscope.  It was found that only the first and 
early second instar larvae occurred in, or close to, the peel flavedo area: the late 
second and third instars migrated to the pulp.  These observations led me to conclude 
that only first instar and early second instar larvae are exposed to citrus peel 
chemicals. 
4.2.2.5 Main feeding bioassays  
Based on the results of the preliminary experiments, main feeding trials were 
assessed on trial Day 5 (i.e. four days after inoculating diet with eggs).  At this stage 
the larvae had developed through to early second instars after which, in real fruit, 
they would have migrated away from the peel and exposure to oils.  To continue 
exposing them to oil in their artificial diet would have thus unduly biased results.  
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Treatments were scored as the number of living larvae, assessed under a dissecting 
microscope. 
4.2.3 Citrus oil fraction feeding assay 
Of the many oil fractions present in citrus peel essential oil, six are common and 
considered dominant across most citrus types: α-pinene, β-pinene, γ-terpinene, P-
cymene, myrcene and D–limonene (Giovanni, 2010).  These individual oil fractions 
were tested for their influence on B. tryoni immature development in feeding assays 
as described above.  D–limonene and β-pinene were obtained from Sigma Aldrich, 
while other oil fractions were obtained from existing stock held by the behavioural 
chemistry group of DEEDI. 
While the concentration of each oil fraction for the specific citrus types used in my 
trials was determined in this project (section 4.2.1), this information was not 
available when feeding trials were commenced.  Consequently, concentration 
treatments for each oil fraction were based on values presented in previous 
publications (Giovanni, 2010; Papachristos et al., 2009; Show, 1979).  Starting and 
ending treatment concentrations for each oil fraction was based on the minimum and 
maximum oil fraction percentages present in different citrus types (as. reported in the 
previous references), with intermediate treatments spaced equally between these.  
Ten different oil concentrations were used from each oil fraction, except for D- 
limonene (Table 4.2).  With respect to D-limonene, 100% larval mortality was 
observed in the treatment with the lowest concentration, (750µL/3g carrot), and all 
higher treatments (see Results).  In order to determine the minimum oil 
concentration at which larvae could survive, D-limonene concentration levels were 
subsequently decreased incrementally downwards to 10µL/g.  Three replicates were 
used for each concentration treatment for all oil fractions. 
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Table 4.3: The volumes of citrus peel essential oil fractions used per 3g of carrot diet 
in Bactrocera tryoni larval feeding assays. 
Treatment 
(T) 
α-pinene 
(µL) 
β-pinene 
(µL) 
γ-
terpinene 
(µL) 
P-cymene 
(µL) 
Myrcene 
(µL) 
D-
limonene 
(µL) 
T1 7.5 0.75 0.375 0.375 37.5 10 
T2 22.5 3 3 0.75 48.75 20 
T3 37.5 56.25 67.5 1.125 60 30 
T4 52.5 75 105 1.5 71.25 50 
T5 67.5 150 142.5 1.875 78.75 100 
T6 82.5 300 180 2.25 90 200 
T7 97.5 375 217.5 2.625 101.25 300 
T8 112.5 450 225 3 112.5 400 
T9 127.5 525 292.5 3.375 123.75 500 
T10 142.5 600 330 3.75 135 600 
T11      750 
T12      1125 
T13      1500 
T14      1875 
T15      2250 
T16      2625 
T17      3000 
T18      3375 
T19 
 
     3750 
 
Data analysis  
The mean essential oil yields of the five citrus types were compared using one - way 
ANOVA and post - hoc pair-wise comparison using the Tukey test.  The mean 
numbers of B. tryoni larvae surviving in diets modified with the essential oils of five 
citrus types, at the base oil concentrations, were compared using one - way ANOVA 
with post - hoc comparisons using the LSD test.  The effect of changing oil 
concentration on larval survival was assessed using linear regression analysis.  The 
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same analyses were carried out for each of the individual oil fractions with the 
exception of D–limonene, where larval survival was zero in all replicates at the base 
oil concentration.  Where the correlation between oil concentration and larval 
survival was significant, the essential oil concentrations required to kill 50% and 
90% of B. tryoni larvae were calculated by solving the fitted linear regression 
function for the required oil concentration (µL/3g carrot) needed to kill 50% (i.e. 
5/10 larvae) or 90%  (9/10) of larvae.  Values for LC50 and LC90 were divided by 
three to obtain oil concentration in the unit of µL/g diet (i.e. carrot diet or peel). 
 
4.3 RESULTS 
4.3.1 Citrus essential oil yield and composition 
Essential oil yield (µL/g of peel) was significantly different among the five citrus 
types (F (4, 45) = 5.08, p = 0.002).  The yield of essential oil from Navel oranges was 
significantly higher than all other citrus types except Murcott.  There was no 
significant difference in the essential oil yield of lemon, Valencia and grapefruit, 
while Murcott oil yield was not significantly different to any of the other citrus types 
(Fig. 4.3). 
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Figure 4.3: Mean (±SE) essential oil yield from the peel of five citrus types.  
Columns surmounted by the same letter are no significantly different at α = 0.05. 
 
D–limonene was the most common oil fraction presented in all citrus essential oil 
types.  All citrus types showed around 95% D-limonene in their essential oils except 
for lemon, where the D-limonene concentration was 67%.  In contrast, lemon 
essential oil had higher α-pinene and γ-terpinene percentages than the other citrus.  
Navel and grapefruit contained the lowest amounts of oxygenated monoterpene 
compared to lemon, Murcott and Valencia which showed higher levels.  Contrary to 
expectations based on the literature, P-cymene was undetectable in all citrus types, 
while β-pinene and γ-terpinene were detected only in lemon (Table 4.3). 
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Table 4.4: Yield and composition of peel essential oil from five citrus fruit types. 
 
Oil composition (µL/g) Murcott 
mandarin 
 
Navel  orange Eureka lemon Valencia 
orange 
Yellow 
grapefruit 
Mean oil yield  
 
5.2 6.09 4.4 4.48 3.77 
Hydrocarbon 
monoterpenes 
     
α-pinene   0.00884 
(0.17%) 
0.02001 
(0.29%) 
0.13948 
(3.17%) 
0.00672 
(0.15%) 
0.0148 
(0.26%) 
β-pinene   * * 0.04928 
(1.12%) 
* * 
P-cymene  * * * * * 
Myrcene    0.04784 
(0.92%) 
0.01035 
(1.5%) 
* 0.039424 
(0.88%) 
0.06144 
(1.28%) 
γ-terpinene * * 0.34496 
(7.84%) 
* * 
D-limonene  4.97484 
(95.67%) 
6.5964 
(95.6%) 
2.93876 
(66.79%) 
4.266304 
(95.23%) 
4.50624 
(93.88%) 
Sabinene  0.572 
(0.11%) 
3.588 
(0.52%) 
0.47256 
(10.74%) 
0.024192 
(0.54%) 
0.04608 
(0.96%) 
Monoterpene * 0.00414 
(0.06%) 
* * 0.0072 
(0.15%) 
Monoterpene * 0.00345 
(0.05%) 
* * 0.02784 
(0.58%) 
Monoterpene * * * * 0.024 
(0.5%) 
β-caryophyllene * * 0.0000924 
(0.21%) 
* * 
α-bergamolene * * 0.0088 
(0.2%) 
* * 
Oxygenated 
monoterpenes 
     
Decanal 0.01508 
(0.29%) 
* * 0.011648 
(0.26%) 
0.01536 
(0.32%) 
Citronellal 0.0104 
(0.14%) 
* * * * 
β-citral  0.00832 
(0.16%) 
* * 0.007168 
(0.16%) 
* 
α-citral 0.02132 
(0.41%) 
* 0.11704 
(2.66%) 
* * 
Neol * * 0.03344 
(0.76%) 
* * 
Neral * * 0.08404 
(1.91%) 
* * 
octanal * 0.06348 
(0.92%) 
* * 0.08736 
(1.82%) 
Linolool  0.08372 
(1.61%) 
* 0.02288 
(0.52%) 
0.064512 
(10.74%) 
* 
α-terpineol 0.0104 
(0.2%) 
* 0.05324 
(1.21%) 
0.013888 
(0.31%) 
* 
Oxigenated monoterpene * 0.03381 
(0.49%) 
0.0308 
(0.7%) 
* 0.012 
(0.25%) 
* Essential oil fraction not present in the essential oil or below detection level 
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4.3.2 Essential oil feeding assay  
There was no significant difference in B. tryoni survival to second instar among diets 
modified by the addition of five citrus essential oil types at their base oil 
concentrations (F (4,10) = 0.276, p = 0.88) (Fig. 4.4).  The mean survival to second 
instar was 66 ± 0.48 for all treatments and trials combined. 
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Figure 4.4: Mean (±SE) Bactrocera tryoni egg to second instar larval survival in 
diets modified by the addition of peel essential oil extracts of five citrus types.  
Maximum survival = 10, n = 3 replicates for each treatment. 
There was a significant negative correlation between B. tryoni survival to the second 
instar and increasing oil concentration for lemon, grapefruit and Navel, but not for 
Murcott and Valencia (Fig. 4.5).  The linear regression models explained 70%, 44% 
and 38% of egg/larval survival for Navel, lemon and grapefruit, respectively.  The 
essential oil concentration needed to kill 50% and 90% of B. tryoni juveniles by the 
second instar was approximately three times higher than natural oil concentration in 
lemon, grapefruit and Navel, the fruit types for which these parameters could be 
calculated (Table 4.4). 
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Figure 4.5: Survival of Bactrocera tryoni from egg to late second instar feeding on 
an artificial larval diet containing increasing concentrations of citrus peel oil from (a) 
Murcott mandarin, (b) Navel orange (c) Eureka lemon, (d) Valencia orange and (e) 
yellow grapefruit. 
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Table 4.5: Estimated essential oil concentration required to cause 50% and 90% 
Bactrocera tryoni egg and larval mortality by the end of the second 
instar. 
 
 Navel Lemon Grapefruit 
Oil concentration in 
peel (µL/g peel) 
6.09 4.4 3.77 
Oil concentration to kill 
50% larvae (µL/g food) 
22 13 16 
Oil concentration to kill 
90% larvae (µL/g food) 
39 23 29 
 
4.3.3. Citrus essential oil fraction feeding assay 
There was no significant difference in B. tryoni survival to late second instar among 
diets modified by the additional of five citrus essential oil fractions at their estimated 
base levels (F (4,10) = 1.85, p = 0.19)  (Fig. 4.6).  The mean survival to second instar 
was 4.2 ± 0.62 for all treatments and trails combined. 
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Figure 4.6: Mean (±SE) Bactrocera tryoni egg to second instar larval survival in 
diet modified by the additional of citrus peel essential oil fractions.  Maximum 
survival = 10, n = 3 replicates for each treatment. 
 
With the exception of D-limonene, there were no significant linear relationships 
between changing concentrations of the citrus oil fractions and B. tryoni survival to 
second larval instar (Fig. 4.7).  Only D-limonene showed a significant negative 
relationship with second instar larval survival (R2 = 0.2, p = 0.05), but this 
relationship is clearly spurious.  Larval survival in D-limonene at any concentration 
above 200µL/3g diet was zero, with survival dramatically reduced at concentrations 
as low as 50µL/3g diet (Fig. 4.7). 
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Figure 4.7: Bactrocera tryoni survival from egg to late second instar feeding on 
artificial larval diet containing increasing concentrations of the citrus peel oil  
fractions (a) α-pinene (b) β-pinene (c) γ-terpinene (d) P-cymene (e) myrcene (f) D-
limonene. 
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4.4 DISCUSSION 
Effect of citrus essential oil and oil fractions on survival of B. tryoni larvae 
The results showed that there was no significant effect of essential oils from five 
citrus types at the base oil concentration on B. tryoni larval survival to second instar.  
However, with increasing concentration, larval survival was differentially affected by 
the essential oils of Navel, lemon and grapefruit, but not Murcott and Valencia (Fig. 
4.5).  It was calculated that only 13µL oil/g diet was sufficient to kill 50% of B. tryoni 
eggs and 1st instar for lemon, while 16µL oil/g diet and 22µL oil/g diet were needed 
for the same mortality by grapefruit and Navel essential oils, respectively.  Even 
though, experimentally, Navel, lemon and grapefruit essential oils showed significant 
negative effects on B. tryoni larvae, the oil concentrations required to kill 50% of 
individuals were very high compared to the oil concentrations naturally present in the 
peel of respective citrus types.  The oil concentrations required to kill 50% of larvae 
were approximately three times higher than natural concentrations for lemon (4.4µL/g 
diet), grapefruit (3.77 µL/g diet) and Navel (6.09 µL/g diet) (Table 4.4). 
Of the specific oil fractions studied, only changing concentration of D-limonene 
resulted in a dose response curve for B. tryoni larval survival, and this was very 
dramatic.  At all tested concentrations above 66.7 µL oil/g diet, larval mortality in 
bioassays was 100 percent, and strong toxic effects were recorded from only 16µL 
oil/g diet.  However, as for the crude oils, these concentrations are still higher than 
observed in real fruit: the average oil concentration of D-limonene in the fruit tested 
was 4.65 ± 0.59 µL/g peel (Table 4.3).  None of the other oil fractions showed a 
significant relationship between B. tryoni mortality and changing concentration and, 
indeed, the GC-MS results demonstrated that for the citrus types studied here, some 
of the essential oil fractions only occurred at trace or undetectable levels.  This is not 
uncommon, for example P-cymene is a common citrus oil fraction, but is found only 
at trace levels in many citrus types (Giovanni, 2010; Shaw, 1979) and the GC-MS 
results from the current study failed to detect this oil fraction in any of the assayed 
citrus types.  Similarly, β pinene and γ terpinene were only detected in lemon D-
limonene and α-pinene were the only fractions found in all five citrus types.  The 
absence or very low levels of these fractions in the oils of my studied citrus types 
and the failure of these fractions to demonstrate a mortality/concentration effect, 
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contrasted with the very high concentrations of D-limonene and the significant 
mortality caused by this fraction, strongly suggests that, at least of the fractions 
studied, D-limonene is the most likely oil fraction responsible for killing B. tryoni 
eggs and larvae in citrus. 
Comparison with other tephritids  
The peel oils of many citrus types are highly toxic to the immature stages of 
tephritids other than B. tryoni, and oil toxicity is considered the main reason for the 
poor host status of citrus (i.e. high susceptibility vs. low susceptibility) for those 
species  (Aluja et al., 2003; Leyva et al., 1991; Papachristos et al., 2009).  Newly 
hatched larvae of C. capitata were significantly affected by orange (50% larval death 
at 6µL oil/g diet) and lemon (50% larval death at 10µL oil/g diet) essential oils, as 
well as by specific oil fractions (50% larval death occurs at 20-40µL/g of α- pinene, 
20-40 µL/g of β- pinene, 10µL/g of Myrcene, 7µL/g of γ- terpinene and 7µL/g of D 
limonene) after two day exposure to essential oil and oil fractions respectively 
(Papachristos et al., 2009).  Similarly, first instar larval mortality of A. suspensa in 
undiluted lemon, orange and grapefruit peel oil was 100%, 98% and 88%, 
respectively after 1- 2 hour exposure (Greany et al., 1983). 
‘Conflict’ of results with other B. tryoni studies 
While the overall results of this chapter indicate that peel chemicals were less toxic 
to B. tryoni immature stages than for other tephritids in comparative bioassay 
studies, Australian field data (Lloyd et al., 2010) and laboratory experiments 
(Chapter 2) show that citrus are poor hosts for B. tryoni.  With respect to bioassay 
studies with other species, A. suspensa larvae were tested in 100% undiluted peel 
essential oils and C. capitata were tested in oil extracted from freshly picked citrus 
fruits.  Freshly picked citrus fruit may contain higher levels of toxic compounds 
compared to harvested and stored fruits (Salvatore et al., 2004) which was the case in 
this study.  This could be one reason for the low level of essential oil toxicity to B. 
tryoni larvae shown in this study.  Oil fraction were not as toxic to B. tryoni larvae as 
they are to other tephritid larvae (Greany et al., 1983; Papachristos et al., 2009).  
Results presented in Chapter 2 showed that B. tryoni immature survival in citrus was 
very low in all fruits types including, for example, Valencia, despite Valencia 
essential oil having no significant concentration effect on larvae in this chapter (Fig. 
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4.5).  If citrus peel oil plays a major role in immature survival of B. tryoni, as has 
been suggested for other tephritids (Aluja & Mangan, 2008), then there is a 
discrepancy between the laboratory based host susceptibility trials (Chapter 2 ) and 
the feeding bioassay results presented here: why might this be? 
Larval mortality in feeding bioassays for Navel, lemon and grapefruit oils increased 
at higher concentration levels (i.e. above 50µL/3g diet) (Fig. 4.5), with 50% 
mortality estimated at oil concentrations three times higher than base concentrations.  
One reason that higher oil concentrations are required to induce higher mortalities is 
because of the bioassay design.  In the feeding bioassays the eggs were deposited in 
a diet throughout which oil was mixed and diluted, whereas in real citrus fruits the 
larvae rupture an oil gland and are exposed to undiluted oil.  If peel oils do explain 
citrus host use by B. tryoni, then this bioassay dilution effect may explain why larvae  
only died in diets with higher concentrations of citrus peel oil.  While this 
explanation may work for Naval orange, grapefruit and lemon, for which significant 
effects of increasing oil concentration were observed, it does not explain the results 
for Murcott and Valencia where no such concentration effects were recorded (Fig. 
4.5).  This suggests oil alone does not explain citrus host use by B. tryoni. 
Understanding the whole peel effect 
Murcott is, of the five citrus types tested, the best host for B. tryoni immature 
survival (Chapter 2,) which might suggest that its oil is less toxic than the other 
citrus varieties, but the results do not support such an interpretation (Fig.4.6).  
Chapter 3 results demonstrated that peel physical properties have significant effects 
on B. tryoni egg positioning and these properties significantly vary across citrus 
types.  Irrespective of the peel thickness, female B. tryoni laid eggs in the flavedo 
layer of five citrus types except Murcott in which eggs were laid in the albedo.  
Thus, larvae that hatch in the flavedo move longer distances to reach the nutritious 
pulp and have to overcome mechanical resistance (Bodenheimer, 1951; Jones, 1989) 
from the egg chamber wall and thick pith (Back & Pemberton, 1915).  While 
encountering these physical barriers, moving larvae may rupture oil glands in the 
flavedo that release contents that are toxic to larvae.  The risk posed to larvae might 
be exacerbated when oil gland size or density is higher, which increases the oil 
concentration in the larval microenvironment (e.g. Navel and Valencia).  When 
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encountering several physical barriers together with toxic chemicals, larval 
movement within the host fruit may be impeded, which may then retarted larval 
development or kill the larvae.  However, such physical constraints are absent in 
artificial diet where larvae can easily access food and water, which enhance larval 
survival and development and may help the insect to overcome the potentially side 
effects of ingesting citrus oil chemicals. 
Progress and next chapter 
While the work of Chapter 3 (peel morphology) and Chapter 4 (peel oils) have 
partially helped explain the general host utilisation patterns seen in Chapter 2, there 
are limitations to these studies.  For example, it is recorded for other tephritid species 
that it is the oxygenated monoterpene fractions found in citrus oils that are the most 
toxic (Papachristos et al., 2009; Salvatore et al., 2004), but the levels of these 
chemicals decline after harvest and storage.  The fruits used in the laboratory 
experiments in Chapter 2 and for oil extraction in Chapter 4 were all picked and 
stored before use, and so are unlikely to have the oil profile of fruits on trees.  
Similarly, peel toughness in unpicked fruits is likely to be higher than in picked and 
stored fruits due to loss of moisture (Ladaniya, 2007), and this may significantly 
affect adult oviposition (Chapter 2) and larval movement (Back & Pemberton, 1915).  
There is also a general concern about using laboratory studies alone to understand 
host patterns of insects (see end of Discussion, Chapter 2).  Given these issues, while 
still trying to understand the mechanisms (versus pattern) of B. tryoni citrus host use, 
the next chapter investigates B. tryoni utilisation of citrus in the field.  Using fruit 
‘on-tree’ is a better test of the actual chemical and physical environment that B. 
tryoni faces in the field and allows comparison with the laboratory results of Chapter 
2. 
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CHAPTER 5 
Bactrocera tryoni Oviposition and Offspring 
Performance in Field Unpicked Citrus Fruits  
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5. 1 INTRODUCTION 
In laboratory based insect-plant experiments, environmental factors that are normally 
variable, such as temperature, rainfall and RH, are controlled or absent.  Similarly, 
many plant characteristics such as leaf and fruit moisture levels, volatile emissions 
and chemical profiles are also either absent, or potentially very different from the 
field situation (Aluja & Mangan, 2008; Raghu et al., 2004).  Simply picking fruit 
alters mechanical and chemical properties of the fruit, which can affect insect 
behaviour (Greany & Szentesi, 1979; Levinson et al., 2003).  In citrus, chemicals 
known to influence fruit fly oviposition and larval development decline after harvest 
(Greany et al., 1983; Salvatore et al., 2004); while in apple Bower (1977) reported 
that B. tryoni larval growth was significantly lower in picked apples than unpicked 
apples, a result he attributed to unknown induced plant defences. 
While laboratory experiments are necessary to explore the detailed interactions 
between plant and insects, such investigations become more realistic when these 
interactions are tested in the field (Aluja & Mangan, 2008).  In my previous chapters, 
which were all laboratory based, I demonstrated that B. tryoni immature survival in 
citrus is very poor (Chapter 2) and that this was caused by both peel physical 
(Chapter 3) and chemical (Chapter 4) properties.  However, as recognised in those 
chapters and above, both chemical and physical properties of fruit can vary between 
picked and unpicked fruit, as will a great array of other biotic and abiotic variables.  
For these reasons, reliance on laboratory trials alone for host use assessment is not 
considered best practice (Aluja & Mangan, 2008).  Recognising this caveat, this 
chapter investigates B. tryoni larval host susceptibility of the citrus types Valencia 
orange, Eureka lemon and Ellendale mandarin in the field environment.  To allow 
comparative statements to be made on the general host quality of citrus, the work is 
repeated on a non-citrus host, nectarine (Prunus persica (L.) Batsch var. nectarina 
(Aiton) Maxim), which is considered a preferred host of B. tryoni (Ero et al., 2011).  
In addition to the host susceptibility results obtained from the field cage environment 
fly production from citrus and non citrus fruit in open field environments in a citrus 
growing area (i.e. Mundubbera) was also investigated.  To extend the work from a 
simple repeat of the laboratory trials, experiments were conducted so as to allow 
estimation of age specific mortality, from which a single cohort, age-specific life 
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table was calculated for each fruit type.  Life-tables are the simplest form of 
population modelling, a theme which is developed more extensively in the next 
chapter. 
5.2 METHODS 
5.2.1 Study Site 
Field studies were conducted in an organic citrus orchard at Boreen Point 
(26°14S;152°59E), located 135km north of Brisbane, and an organic nectarine 
orchard located at Redlands (26°24S;152°59E), 30km southeast of Brisbane.  The 
citrus were grown as part of landscaping within an organic golf course complex (Fig. 
5.1).  Three species of citrus: Eureka lemon (Citrus limon), Ellendale mandarin (C. 
reticulata) and Valencia orange (C. sinensis); plus nectarine (Prunus persica var. 
nectarine Sunwright) were tested between early Spring 2011 and late Summer 2012. 
 
 
 
Figure 5.1: The Boreen Point field site where Bactrocera tryoni host utilization was 
studied on Ellendale mandarin, Valencia orange and Eureka lemon. 
5.2.2 Flies 
Bactrocera tryoni used in the experiments were 17 generations old, obtained from 
the Department of Employment, Economic Development & Innovation (DEEDI) 
fruit fly colony facilities at the EcoScience Precinct (Dutton Park, Brisbane, 
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Australia).  Emergent adult flies were provided with ad libitum access to water, dry 
granular sucrose and protein (yeast hydrolysate enzymatic MP Biomedicals, NSW, 
Australia).  All flies were reared following standard Q-fly rearing protocols (Pike et 
al., 2001) and maintained in mesh cages (40 x 40 x 40cm) at 25-27°C, 75 ± 3% RH, 
with a photoperiod of 12:12 (L:D) h.  For each experiment, 200 gravid females (16-
24d old) were collected and placed in a small mesh cage (20 x 20 x 30cm) for 
transport to the field site.  Twenty flies were selected and stored in 70% ethanol for 
subsequent dissection and counting of eggs in their ovaries. 
5.2.3 Fruit infestation by laboratory reared B. tryoni flies  
Ten trees of Valencia orange, Ellendale mandarine, Eureka lemon and nectarine 
were randomly selected.  Four immature fruits from each tree of four fruit types were 
bagged to avoid any infestation.  When fruits were matured (colour-change) each 
fruit of each fruit tree were covered with cloth mesh cages (20 x 20 x 30cm).  A 
gravid B. tryoni female was released into each cage and observed for at least one 
hour (Fig.5.2a,b).  Females were allowed to oviposit once, after which they were 
removed, separately stored and subsequently dissected in the laboratory to count the 
eggs remaining in the ovaries.  The infested fruit were enclosed in paper bags and 
left in situ.  The infestation level (i.e. number of eggs laid) was estimated by 
subtracting the egg load remaining after oviposition from the mean egg load of 20 
flies assessed prior to oviposition.  Females that did not oviposit during the one hour 
period were replaced with a female from the same cohort and the process repeated.   
After 11 to 13 days, three of the four fruit were harvested and, in the laboratory, 
placed on drip trays on a bed of fine, moist vermiculite in individually marked mesh-
covered plastic containers for another 7-28 days under controlled conditions (25-
27°C, 70 ± 3% RH).  Counts were made of emergent pupae and subsequent adults 
and parasites.  To assess larval/pupal survival under field conditions, the fourth fruit 
was placed on the ground under the parent fruit tree and covered with a pupal 
emergence trap (Fig 5.2c) to collect any emergent adult flies.  Flies were collected 
weekly, with the trap removed 21 days after initial placement. 
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5.2.4 Fruit infestation by wild B. tryoni flies 
Six Valencia orange, Ellendale mandarin, Eureka lemon and nectarine fruits 
potentially infested by wild flies were harvested from ten trees for each fruit species 
(i.e. 60 fruit per species).  Five fruit were returned to the laboratory and pupae reared 
out as described above.  The sixth fruit was placed on the ground under the parent 
tree and emergent adults recovered using pupal emergence traps as described above. 
Host infestation data obtained from other sources 
Citrus and non-citrus host infestation data collected from area wide management 
program undertaken by QLD DEEDI (Brisbane) in Mundubbera were also obtained.  
Fruit collection was undertaken across central Burnett district during 1999. These 
fruits were collected from gardens in town, along water courses and from other 
native vegetation, and the flies emerging from these fruits were identified to species 
and counted. This data was supplied by QLD DEEDI. 
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Figure 5.2.  Illustrations of various stages of field experiments for Bactrocera tryoni 
citrus host use.  (A) Adult B. tryoni examining the fruit attached to the tree inside the 
cloth mesh cage. (B) Citrus fruits enclosed with cloth mesh and paper cages. (C) 
Inverted funnel traps, under which one infested fruit was placed, for capturing 
emergent adult flies. 
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5.2.5 Life table analysis 
A simple, single cohort, age based life table analysis was performed using the 
collected data.  Age (X) 0 was the combined egg and larval stages; age 1 was the 
pupal period; while age two was the teneral adult.  The number surviving in each age 
(= survival number) is denoted as Sx.   Using these survival numbers as the raw data 
for each life stage, the following population parameters were determined (Donovan 
& Weldon, 2002): 
Standardized survival schedule (lx)  
𝑙𝑥 = 𝑆𝑥
𝑆𝑜
 
Where Sx is number surviving in this age in the population and So is initial surviving 
number at age zero. 
 
Life expectancy (ex) 
Life expectancy is how much longer an individual of a given age can be expected to 
live beyond its present age.   
To compute ex, first the proportion of survivors at the mid point of each time interval 
(Lx) was calculated. 
𝐿𝑥 = 𝑙𝑥 + 𝑙𝑥 + 12  
Secondly, all Lx values summed from age of interest (n) up to the oldest age, k 
𝑇𝑥 = �𝐿𝑥𝑘
𝑥=𝑛
 
Finally, ex was calculated as  
𝑒𝑥 = 𝑇𝑥
𝑙𝑥
 
Life tables were made for Valencia orange, Ellendale mandarin, Eureka lemon and 
nectarine.  Parasites emerged from nectarine fruits, so separate life tables were made 
for parasitized population and un-parasitized population for nectarine fruits.  In the 
parasitized population the teneral adult number (Sx at age 2) was reduced by the 
number of parasites found in the population.  To do a comparison, another life table 
was made without reducing the fruit fly population by the number of parasites (i.e. 
assumes that there were no parasites in the population). 
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5.2.6 Other data analysis 
The mean clutch size of laboratory reared flies infesting the three citrus and 
nectarine fruits were compared using Kruskal Wallis test, with post hoc pair wise 
comparison done using the Mann-Whitney U test.  Each data set of the mean fly 
emergence from the laboratory and field fly infested three citrus types and nectarine 
was compared separately using Kruskal Wallis test and pair wise comparison was 
done using Mann-whitney U test.  In the wild fly infested fruits there were no flies 
produce from Valencia, so it was not included in the statistical test. 
5.3 RESULTS 
5.3.1 Fruits infested by laboratory reared B. tryoni 
5.3.1.1 Clutch size 
There was significant difference in the estimated clutch size among the four fruit 
types (H3 = 23.3, p < 0.05).  Estimated clutch size in Eureka lemon was significantly 
higher than Valencia, Ellendale and nectarine, while the estimated clutch sizes in 
these three fruits were not significantly different to each other (Fig. 5.3). 
 
 
 
105 
 
Fruit type
Valencia Ellendale Lemon Nectarin
C
lu
tc
h 
si
ze
 
20
30
40
50
a
a
b
a
 
 
Figure 5.3: Estimated mean (±SE) egg clutch size of laboratory reared B. tryoni 
laying into four fruit types hanging on trees. 
 
5.3.1.2 Adult emergence  
Fly emergence from the four fruit types were significantly different from each other 
(H3 = 75. 34, p < 0.05).  There was significantly higher fly emergence from nectarine 
compared to Valencia, Ellendale and Eureka lemon, while the fly emergence was not 
significantly different among these latter three fruit types (Fig.5.4).  No flies were 
recovered from known infested fruit placed on the ground below the tree and 
covered with an emergence trap. 
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Figure 5.4: Mean (±SE) Bactrocera tryoni adult fly emergence from four fruit types 
infested on the tree and left for 11-13 days before being harvested and returned to the 
laboratory for pupal recovery. 
 
5.3.2 Field infestation rates by wild B. tryoni  
There was a significant difference in adult fly emergence among Ellendale, Eureka 
lemon and nectarine (H2 = 39.6, p<0.05), while no flies were reared from Valencia 
oranges.  Nectarine showed a significantly higher fly production than Ellendale and 
Eureka lemon, while there is no significant difference between Ellendale and Eureka.  
No flies were recovered from fruit placed on the ground below the tree and covered 
with an emergence trap.  
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Figure 5.5. Mean (±SE) Bactrocera tryoni emergence from field fruits potentially 
infested by wild fly populations.  
 
5.3.3 Field infestation of B. tryoni in citrus and non-citrus fruits in Mundubbera  
In a predominantly citrus production area, B. tryoni production from various Citrus 
species and varieties under commercial management is noticeably lower than from 
the non-citrus, non-commercial hosts of B. tryoni grown in the same district.  Eight 
out of 11 citrus types yielded not a single fly.  Even if some citrus fruits produced 
flies, the fruit to fly ratio was still very low.  In contrast, non-citrus fruits showed 
very high fly production (Table 5.1).  
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Table 5.1. Bactrocera tryoni fly production in the field infested citrus fruit types in 
Mundubbera and Gayndah  
 Common name No. Fruits 
collected 
No. Flies 
emerged 
Fruits: fly ratio 
Citrus fruits  
 
   
Citrus reticulata Mandarin, 
imperial 
66 0 1:0 (0%) 
 
 Mandarin, 
ellendale 
329 8 1:0.02 (2%) 
 
 Mandarin, 
murcott 
294 4 1:0.01 (1%) 
 
 Mandarin, 
hickson 
38 0 1:0.00 (0%) 
 
 Mandarin, 
duchess 
8 0 1:0.00 (0%) 
 
 Mandarin, 
emperor 
43 0 1:0.00 (0%) 
 
Citrus limon Eureka 203 4 1:0.02 (2%) 
 
Citrus sinensis Orange, navel 100 0 1:0.00 (0%) 
 
 Orange, Valencia 114 6 1:0.05 (5%) 
 
Citrus jambhiri Bush lemon 86 0 1:0.00 (0%) 
 
Citrus 
aurantifolia 
Tahitian lime 22 0 1:0.00 (0%) 
 
Citrus grandis Grapefruit 42 0 1:0.00 (0%) 
 
Non-citrus fruits  
 
   
Mangifera 
indica 
Mango 208 252 1:0.8 (121%) 
 
Psidium 
cattleineam 
Cherry guava 415 343 1:1.2 (83%) 
 
Morus nigra Mulberry 590 590 1:1 (100%) 
 
Eriobotria 
japonika 
Loquat 619 803 1:0.77 (130%) 
     
 
 
5.3.4 Life table analysis  
The lowest life expectancy (ex) for all citrus types was the combined egg/larval stage 
(age 0), but in nectarine life expectancy of eggs/larvae was higher than pupal life 
expectancy in both parasitized and un-parasitised populations.  Pupal life expectancy 
in Ellendale was slightly lower than other two citrus types.  No parasites were 
recovered from citrus fruits, but a small number were recovered from nectarines.  In 
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the parasitized nectarine population, the juvenile and pupal life expectancy was 
slightly lower than the unparasitized population (Table 5.2).  The survivorship 
curves illustrate the high levels of mortality exhibited by the early B. tryoni life 
stages in citrus and are typical of a Type III survivorship curve.  Unexpectedly, 
however, the higher levels of pupal mortality recorded for insects reared from 
nectarine, means that the B. tryoni survivorship curves from this fruit was much 
more of a Type II pattern (Fig. 5.6).  
Table 5.2. Age based population parameters of Bactrocera tryoni reared from 
different fruit types 
Fruit type Age 
 
 
 
 
 
Number at 
beginning of 
age 
Sx 
   
Proportion at 
beginning of 
age 
lx 
   
Number 
dying in age 
(dx) 
Life 
expectancy 
 
ex 
 
Valencia 0 (egg & 
larvae) 
926 
 
1 
 
- 0.51 
 
                                                                  
1 (pupae) 
 
7 
 
0.007559 
 
919 
1.36 
 
 2 (teneral 
adult) 
6 
 
0.006479 
 
1 0.50 
 
      
Ellendale 
mandarin 
0 (egg & 
larvae) 
 
527 
 
 
1 
 
 
- 0.60 
 
 
 1 (pupae) 
 
31 
 
0.058824 
 
496 1.21 
 
 2 (teneral 
adult) 
22 
 
0.041746 
 
9 0.50 
 
      
Eureka lemon 0 (egg & 
larvae) 
 
1,424 
 
 
1 
 
 
- 0.51 
 
 
 1 (pupae) 
 
8 
 
0.005618 
 
1,416 1.38 
 
 2 (teneral 
adult) 
7 
 
0.004916 
 
1 0.50 
 
      
Nectarine 
(un-parasitized) 
0 egg & 
larvae) 
 
 
924 
 
 
 
1 
 
 
 
- 1.5812 
 
 
 
 1 (pupae) 
 
606 
 
0.655844 
 
318 1.1485 
 
 2 (teneral 
adult) 
393 
 
0.425325 
 
213 0.5000 
 
      
Nectarine 
(parasitized) 
0 (egg & 
larvae) 
 
924 
 
 
1 
 
 
- 1.573593 
 
 
 1 (pupae)) 
 
606 
 
0.655844 
 
318 1.136964 
 
 2 (teneral 
adult) 
 
386 
 
 
0.417749 
 
 
220 0.5 
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Figure 5.6.  Standardised survivorship curves of Bactrocera tryoni from four fruit 
types infested on the tree and left for 11-13 days before being harvested and returned 
to the laboratory for pupal recovery and adult emergence.  Age (X) ‘0’ is a combined 
egg/larval stage, age (X) ‘1’ is the pupal stage and age (X) ‘2’ teneral adults stage. 
(   ) represent lx Valencia (   ) represent Ellendale (lx), (X) represent Eureka (lx),(×) 
represent parasitised nectarine, (   ) represent un-parasitised nectarine. 
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5.4 DISCUSSION 
Results confirmed laboratory trials that citrus are poor hosts for B. tryoni.  Fly 
emergence from citrus fruits infested by laboratory flies was very low compared to 
the estimated number of initial eggs, while recovery of B. tryoni from citrus fruits 
potentially infested by wild flies was also very low.  In contrast, significant numbers 
of flies were recovered from artificially and wild infested nectarines, as well as from 
other non-citrus hosts in the Mundubbera dataset (Figs. 5.4 & 5.5, Table 5.1).  Life 
table analysis reinforced the interpretation that it is the poor egg/larval survivorship 
that impacts most strongly on the low suitability of citrus fruit as hosts.  On the other 
hand, the survival of eggs and larvae in a non citrus host nectarine was relatively 
high but pupal survival rate from this host was low (Fig. 5.6). 
In contrast to fly emergence data, clutch size data showed that number of eggs laid 
into citrus was similar to that of a preferred host (i.e. nectarine).  Indeed, Eureka 
lemon received a significantly higher egg load than nectarine, indicating that citrus is 
not an unattractive oviposition host for B. tryoni (Fig.5.3).  It has been reported for 
tephritids that larger clutch sizes indicate a higher preference by the ovipositing 
female for the larval host (Balagawi, 2005; Ioannou et al., 2012; Rattanapun et al., 
2009), so our clutch size results demonstrated that the citrus fruits were as equally, or 
more attractive to B. tryoni as nectarine. 
In comparison to the laboratory based citrus infestation results reported in Chapter 2, 
the field data presented in this chapter shows similar results in terms of fly 
production compared to the initial eggs laid.  However, in terms of absolute fly 
production per fruit type, fly production in laboratory experiments were higher than 
for field - infested fruits (Fig.5.4, 5.5 & Table 2.1).  For example, estimated mean 
percentage survival from egg to adult in Murcott mandarin in the laboratory was 
18%, while estimated mean percentage survival from egg to adult in Ellendale 
mandarin on-tree was only 0.86%.  In contrast though, clutch size results were 
reversed between laboratory and field.  In the laboratory trials there were generally 
much lower numbers of eggs per clutch, for example mean clutch size of Eureka 
lemon was five eggs in the laboratory study and 47 eggs in fruit on tree. 
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These differences between lab and field results are not unexpected, and indeed an 
expectation of finding such differences is the reason this work was done.  Unpicked 
citrus fruits contain toxic chemicals that decline with ripening (Seo & Tang, 1982; 
Seo et al., 1983) and after harvest and storage (Salvatore et al., 2004).  Even in fruits 
with less complex chemistry than citrus, this can impact on fruit fly larvae when still 
on-tree: Bower (1977) reported that unpicked apples (especially two weeks before 
beingpicked) had a highly toxic effect on immature B. tryoni in comparison to picked 
apples.  The fruits in my field study remained on the tree for two weeks after being 
infested by flies and thus the eggs and newly hatched larvae would have been 
exposed to more toxic compounds (such as coumarin, linalool and citral, Salvatore 
2004) than the picked and stored fruits used in my laboratory studies.  Differences in 
oils may not be the only factor causing greater mortality in field fruit.  Fruits on-tree 
have a greater turger pressure than picked citrus fruits (Ladaniya, 2007) and this 
would increase the peel mechanical resistance for larval movement inside the fruit 
(Back & Pemberton, 1915).  Due to these greater chemical and physical constraints 
in unpicked fruits, B. tryoni fly production is not unexpectedly lower in the field 
environment than observed in a traditional laboratory based study.  Differences in 
clutch size can also be explained by differences in picked versus unpicked fruit.  
Unpicked fruits respire and produce CO2, which is an oviposition stimulant for B. 
tryoni (Stange, 1999); they also produce more volatiles and have higher moisture 
levels (Levinson et al., 2003) which are known to cause flies to lay more eggs (Aluja 
& Mangan, 2008). 
These results reinforce the fact that citrus is an unfavourable host for B. tryoni larvae 
and total fly production (Table 5.2).  Host quality effects on immature stage 
performance strongly influence population size within a single cohort, and thus 
might be expected to strongly influence the total size of fly populations in field.  
When considering multiple cohorts with overlapping generations in the field, if citrus 
is available as the only major host in the environment then low host quality may well 
have a significant negative effect on B. tryoni population growth.  In contrast, a good 
quality host such as nectarine may produce a very different and positive outcome for 
B. tryoni population growth.  In next and final research chapter, I investigate further 
how larval host quality affect may influence B. tryoni population dynamics in an 
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orchard environment using a cohort based, mechanistic model (DYMEX, (Maywald, 
1999) and a modified B. tryoni population model (Yonow et al., 2004). 
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CHAPTER 6 
Effect of Larval Host Quality on Bactrocera tryoni Population 
Dynamics 
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6.1 INTRODUCTION 
In chapter 5 it was postulated that poor hosts, such as citrus, would contribute low 
numbers of B. tryoni to an agricultural metapopulation in comparison to better 
quality hosts.  Simple life table analysis suggests that mortality in the egg/larval 
stage will most strongly influence total population size, but the single cohort life-
table approach used in Chapter 5 is not, of itself, sufficient to support that claim.  
Using a mechanistic modelling approach, the aim of this chapter is to investigate 
how larval host quality might influence B. tryoni population dynamics in the field.  
In the context of the thesis, this chapter extends our understanding of B. tryoni citrus 
host use from the very finest scale (how peel properties influence oviposition and 
larval survival) (Chapters 3 & 4), to laboratory host use trials (Chapter 2), then 
controlled semi-field studies (Chapter 5) and now predictive modelling of the 
ofcitrus host use effects on total population size. 
The dynamics of insect populations are traditionally considered to be driven by both 
density dependant (competition, resource use, etc.) and density independent 
(weather) factors (Ferris & Wilson, 1987).  The relative influences of these two 
factors are dependent on the insect species and how different life stages interact with 
the environment.  Depending on the life historycharacteristics of the insect (e.g. 
reproduction, mortality) and the environment (e.g. temperature, natural enemies), the 
relative importance of density dependent versus independent factors on an insect 
species’ population dynamics will vary in different systems (Berryman, 1999; Ferris 
& Wilson, 1987).  When density independent factors such as temperature and rainfall 
do not potentially limit population growth, density dependant factors, such as host 
availability, host quality and natural enemies, could become the primary factors that 
limitpopulation growth (Berryman, 1999). 
Many workers have reported that the determinants of tephritid population dynamics 
vary greatly in different host systems, even for the same fly species (Bateman, 1972; 
Papadopoulos et al., 2001).  For example low winter temperatures in temperate areas 
may cause tephritids to enter diapause (Christenson, 1960), to cease oviposition and 
resorb eggs (Fletcher, 1975; Israely et al., 1997), or may cause high egg mortality 
inside fruits (Reissig, 1979), all of which may lead to a reduced population size.  
However, in tropical and subtropical regions temperature and rainfall are often 
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considered optimal for tephritids (Yonow & Suthurst, 1998) and in such cases host 
availability (Dorji et al., 2006; Hurtado et al., 1995), host quality (Bower, 1977; 
Messina et al., 1991; Messina & Jones, 1990; Neilson, 1971), adult host preference 
(Katsoyannos et al., 1998), and natural enemies (Bess et al., 1963; Ero et al., 2011; 
Wharton & Gilstrap, 1983) are considered most likely to influence fly population 
dynamics. 
It has been postulated that host availability and not climatic factors limit B. tryoni 
populations in tropical and subtropical systems (Drew & Hooper, 1983; 
Muthuthantri et al., 2010), although it is thought that temperatureis greatest driver of 
B. tryoni numbers in temperate areas (Yonow & Sutherst, 1998).  However, it needs 
to be noted that the role of parasitoids, adult host preference, larval host acceptability 
and larval host quality have not been investigated as drivers of B. tryoni population 
dynamics.  My thesis has shown that citrus is a poor quality host for B. tryoni larvae.  
In a system where Citrus species and cultivars represent the most abundant resource 
for oviposition, it might be speculated that poor juvenile survival in that host could 
significantly negatively influence the population dynamics of the fly, even if large 
numbers of the host are available.  However, such an assumption ignores other 
population regulating factors, such as climate, total female reproduction, adult 
mortality, etc.  To explore this issue, without needing to resort to long term, 
intensive field research, process-based population modelling is a useful approach. 
DYMEX® (Version 3) is a cohort based, mechanistic modelling tool for estimating 
population phenology following changes in population parameters including 
reproduction, mortality, diapause, etc (Lanoiselet et al., 2002; Maywald et al., 1999; 
Nahrung et al., 2008). The greenhouse white fly Trialeurodes vaporariorum 
(Westwood) life cycle was parameterised using DYMEX and simulated using 
external environmental effects such as leaf and air temperature at different position 
of the tomato plants inside the green house to predict the population dynamics of this 
insect (JungJoon et al., 2011). Soybean aphid (Aphis glycines) population dynamics 
was modelled with respect to natural enemy dynamics, other environmental cues and 
host plant cues (Bahlaia et al., 2013) while, Lanoiselet et al.(2002) developed 
DYMEX model for rise blast pathogen, Magnaporthe grisea and predict the 
potential number of infections and sporulation events of the pathogens with respect 
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to climatic factors.  The DYMEX modelling software was developed to special 
DYMEX which allows incorporating specially exclude dispersal (Parry et al., 2011).  
DYMEX based B. tryoni population dynamics model has been developed (Yonow et 
al., 2004), but the focus of that model, was on existing data (e.g. Fletcher, 1975, 
1979), from the temperate parts of B. tryoni’s distribution.  The model primarily 
focuses on the impacts of seasonal weather variation on population dynamics, with 
host availability and quality parameters held constant (Yonow et al., 2004).  
Muthuthantri et al. (2010) demonstrated that the model used by Yonow et al.(2004) 
has very poor predictive powers in tropical and subtropical parts of the range of B. 
tryoni and suggested that fruit quality and availability were more likely to drive 
population dynamics than temperature.  Muthuthantri (2008) modified the original 
model of Yonow et al.(2004) to allow host numbers to vary with time, but all hosts 
were considered equally suitable for larval development.  This thesis has 
demonstrated that host quality should be incorporated into any model of B. tryoni 
population dynamics.  In this chapter I use differential host quality as a larval 
mortality parameter and, primarily, I investigate the sensitivity of modelled B. tryoni 
population dynamics to differences in host quality.  Secondarily, I apply the model to 
various hypothetical host quality and host availability scenarios based around 
Mundubbera, an agricultural region of south-east Queensland. 
DYMEX uses real weather data, and so runs of a DYMEX model require the model 
to be parameterised for a specific locality.  The areas used in this chapter are Cairns, 
located in tropical northern Queensland, and Mundubbera, a subtropical citrus 
growing area located in south-east Queensland.  Cairns was used to test model 
sensitivity to host quality related larval mortality because it is a tropical district for 
which climate is considered optimal for the fly (Yonow & Suthurst, 1998), with host 
the most likely factor contributing to local  B. tryoni population dynamics 
(Muthuthantri, 2008).  Mundubbera is a subtropical agricultural area in which citrus, 
mango and table-grapes are grown commercially, while loquat, cherry-guava and 
mulberry (all B. tryoni hosts) are grow non-commercially in suburban gardens and as 
road-side trees (Lloyd et al., 2010).  This district is subject to an area-wide 
management program for B. tryoni that aims to protect of the commercial citrus 
orchards.  One of the major off-crop components of the area-wide scheme is the 
control of flies breeding in non-commercial fruit, which is based on an assumption 
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that such fruit are a major source of flies entering the commercial crops (Lloyd et al., 
2010).  Indeed, controlling flies in non-commercial crops is a general 
recommendation of many area-wide fruit fly management programs (Vreysen et al., 
2007), although the actual impact of such fly sources to regional fly populations is 
rarely documented.  The purpose of this chapter is not to try and mimic the 
population phenology of B. tryoni in the Mundubbera area, but to utilise real fruit 
abundance and quality data from Mundubbera as a guide to determining how fruit of 
different quality and abundance may influence a local fruit fly population. 
6.2 METHODS 
6.2.1 General approach 
For the modelling of B. tryoni population dynamics using DYMEX, the following 
components will be described in this methodology section: (i) general overview of 
DYMEX for modelling natural systems; (ii) summary of the original B. tryoni 
DYMEX model developed by Yonow et al. (2004); (iii) summary of the 
Muthuthantri (2008) modification of the B. tryoni model which incorporated fruit 
abundance as a variable; and (iv) further modification of the B. tryoni model to 
incorporate host quality differences as measured by changes in larval mortality.  This 
final point is the major task of this chapter. 
Using the final modified model, the following issues are further covered: (i) 
Describing how a host quality related larval mortality parameter was incorporated 
into the model; (ii) description of a sensitivity analysis to determine the sensitivity of 
the model to increasing larval mortality due to changing host quality; and (iii) model 
runs for different host utilisation scenarios in Mundubbera to predict the population 
dynamics of B. tryoni in response to differences in both host abundances and quality. 
6.2.2. DYMEX modelling 
DYMEX® is a process-based, modular modelling software package for the 
development of cohort-based, life-cycle models.  Many internal (e.g. within a life 
cycle) and external (e.g. environmental) processes can be incorporated into a model, 
each affecting the different life-stages within an organism’s life-cycle, so 
determining the survival, age and physiological status of individuals within a cohort 
(where a cohort is a group of individuals of a user-defined starting size and age [e.g. 
119 
 
100 eggs]).  The DYMEX package contains a module library which allows a model 
builder to select and link modules which best describes their organism’s life-cycle, 
while minimising the amount of back-ground programming required (Maywald et 
al., 1999). 
The DYMEX life-cycle module consists of two or more life stages (e.g. egg, larvae, 
pupa,adult) and each life stage has one or more processes (e.g. mortality, 
development, reproduction) acting upon it (Maywald, 1999).  These processes are 
driven by external (e.g. temperature, rainfall) and internal (e.g. density) variables.  
The way in which each life stage is affected by these variables is determined by user-
set functions (e.g. a response curve) or parameters (e.g. upper and lower temperature 
thresholds).  The variables driving a cohort through each life stage (i.e. influencing 
the survival, development, mortality and reproduction of individuals) come from 
other DYMEX modules, such as the meteorological data module and soil moisture 
module.  A module can have multiple tasks (e.g. Meteriological data influences all 
life stages) or a specific task (e.g. soil moisture module may only affect soil dwelling 
pupae), and the output of one module can be an input to one or more other modules.  
Once all individuals within a cohort complete one life stage (e.g. caterpillars 
accumulate sufficient day degrees to complete a larval instar) then all surviving 
members of the cohort are transferred to the next life stage.  The information 
required for setting functions, parameters and other necessary variables within a 
model are, ideally, sourced from prior research work but can, if needed, be estimated 
through reiterative fitting of model output against real population phenology data. 
6.2.2.1 Original B. tryoni DYMEX model (Yonow et al., 2004) 
A B. tryoni population model using DYMEX was developed by Yonow et al. (2004).  
The dynamics of the model were primarily driven by location specific daily 
meteorological data (i.e. temperature, rainfall, soil moisture, evaporation); thus the 
population phenologies generated by this model are heavily biased by the influence 
of climate.  When validated against observed B. tryoni population data from 
temperate Australia, the model produced significant correlations between observed 
and predicted data (Yonow et al., 2004), inferring that processes driving population 
dynamics (at least for temperate areas) had been accurately captured by the model.  
However, when similar tests were run on the model using real B. tryoni population 
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data from the tropics and sub-tropics, no significant correlations were found 
(Muthuthantri et al., 2010).  While hosts, both in their quality and seasonal 
availability, are considered important variables affecting the population dynamics of 
many fruit fly species (Hurtado et al., 1995; Tan & Serit, 1994), the model of Yonow 
et al.(2004) model incorporated host only as a constant factor (i.e. it did not 
influence the dynamics of the model).  This led Muthuthantri (2008) and 
Muthuthantri et al. (2010) to suggest that lack of host data was a serious weakness of 
the model in environments where climate variables were not limiting (i.e. the tropics 
and sub-tropics).  
6.2.2.2 B. tryoni DYMEX model incorporating fruit number (Muthuthantri, 
2008) 
The ability of B. tryoni females to lay eggs is directly affected by host availability 
(May, 1963).  Further, the existence of larvae in fruit may affect oviposition choice 
of female B. tryoni, as the presence of mature larvae negatively affects the 
development of immature larvae (Fitt, 1984).  Considering these points, in my 
Masters thesis (Muthuthantri, 2008) I modified the original B. tryoni DYMEX model 
so that fruit availability within a location changed and so could potentially influence 
B. tryoni population growth through two life stages: larvae (via larval mortality) and 
reproductive females (via progeny production).  The fruit acceptability for 
oviposition, and fruit suitability for larval development, was still held constant in this 
version of the model. 
6.2.2.3 Incorporating fruit quality related mortality into a B. tryoni model 
Fruit quality is known to influence B. tryoni oviposition and offspring survival 
(Balagawi et al., 2005; Bower, 1977), but the current literature does not provide any 
information on how these traits might affect population dynamics of the fly.  With 
respect to the host environment, the influence of host on larval survival (i.e. a 
measure of host quality) needs to be considered along with host availability (= host 
abundance).  As a final modification of Yonow et al. (2004) and Muthuthantri 
(2008), I included a host quality effect by incorporating a new mortality parameter; 
larval mortality due to host quality.  The components of the final model used in this 
thesis are illustrated in Figure 6.1, while the modules and parameters used in the 
model are listed in Table 6.1. 
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Figure 6.1: Life cycle diagram and the factors influencing life stages as developed in 
the Bactrocera tryoni population model used in this thesis, and developed originally 
from the model provided by Yonow et al. (2004).  
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Table 6.1: Individual modules of the DYMEX Bactrocera tryoni population model developed initially by Yonow et al. (2004). 
Module Parameters considered Other modules using output 
Timer Daily time step - 
Meteorological data Daily maximum temperature 
Evaporation 
Daily minimum temperature 
Rainfall 
Life cycle module (transferring to over wintering 
stage) 
Soil moisture module 
Daily temperature module 
Function module 
Soil moisture 
Single layer soils moisture (90cm depth) 
Shallow soil moisture (top layer of soil) 
 
Max. moisture storage, drainage rate, 
Evapotranspiration coefficient 
Moisture level 
 
 Life cycle module (adult mortality) 
 
Life cycle module (pupal mortality) 
Daily temperature cycle Daily minimum temperature 
Daily maximum temperature  
(sourced from Meteorological data) 
Life cycle module (Egg, larvae, pupae, teneral and 
adult mortality and development) 
Life cycle (progeny production) 
Location specific variables Area of orchard (in hectares) 
Number of fruits per hectare 
Number of fruits per tree 
Fruit suitability for larval development 
Fruit acceptability for oviposition 
Function module (available fruit) 
Function module (available fruit) 
Function module (available fruit) 
Life cycle module (Larval mortality) 
Life cycle module Progeny production) 
Function module (activity index) Rainfall Life cycle module (Reproduction of female) 
Equation and expression module (available 
fruit) 
Area of orchard* number of fruit trees 
per*number of fruit per tree  
Life cycle module (Larval mortality) 
 
Life cycle  [See Table 6.2 for full details]  
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Table 6.2:  Detailed components of the life cycle module of the DYMEX Bactrocera tryoni population model developed by Yonow et al. (2004) 
and subsequently modified in this thesis.  
 
Function Dependent variable Independent variable Parameter threshold 
values 
Rate/ 
Proportion 
Function shape 
Egg development Physiological 
development rate 
Daily temperature 
cycle 
11.1°C 0.0382 Linear above threshold 
Egg  establishment mortality   9% NA Constant 
Egg establishment mortality  Egg mortality Larval density 10 larvae/fruit cause 50% 
mortality 
0.5 Logistic 
Egg continuous mortality Egg mortality Daily temperature 
cycle 
2°C (lower threshold)  
32°C (upper threshold)                                              
- 0.1354 
0.1706 
Linear below threshold 
Linear above threshold 
(nil between thresholds) 
Egg to larva transfer Stage transfer  Physiological age  1 1 Step 
Larval development Physiological 
development rate 
Daily temperature 
cycle 
10°C  0.0061    Liner above threshold 
Larval establishment mortality   15.3% NA Constant 
Larval establishment mortality Larval mortality Larval density 18 larvae/fruit cause      
50% mortality 
2 Logistic 
Larval establishment mortality Larval mortality Daily temperature 
cycle 
1°C 0.0003 &   - 
0.0105 
Polynomial function 
Larval continuous mortality Larval mortality Larval density  2 Logistic 
Larval continuous mortality NA NA  0-1 Fruit suitability Index 
*Larval continuous mortality NA Host quality  0-0.4 Constant 
Larva to pupa transfer Stage transfer  Physiological age 1 1 Step 
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Pupal development Physiological 
development rate 
Daily temperature 
cycle 
11.2°C 0.0061 Linear above threshold 
Pupal establishment mortality     22% Constant 
Pupal continuous mortality Pupal mortality Daily temperature 
cycle 
5°C  (lower threshold)                        
31°C (upper threshold)                                              
-0.025                    
0.0457 
Linear below threshold 
Linear above threshold 
(nil between thresholds) 
Pupal continuous mortality Pupal mortality Shallow Soil moisture 50%  (lower threshold)        
90 % (upper threshold) 
0.5 
5   
Quadratic below 
threshold 
Pupa to teneral male/ female transfer Stage transfer  Physiological age 1 1 Step 
Teneral, reproductive male/ female and over 
wintering male/ female continuous mortality 
Fly age (maturation) Daily temperature 
cycle 
12.31°C 0.0108 Linear above threshold 
Teneral, reproductive male/ female and over 
wintering male/ female continuous mortality 
Mortality Fly age  1 1  Step 
Teneral, reproductive male/ female and over 
wintering male/ female continuous mortality 
Mortality Daily temperature 
cycle 
36°C (upper threshold) 
-2°C (lower threshold) 
0.125 
-0.667 
Linear above threshold 
Linear below threshold 
(nil between threshold) 
Teneral, reproductive male/ female and over 
wintering male/ female continuous mortality 
Mortality Rainfall 40mm 0.00333 Linear above threshold 
 
Over wintering (teneral/reproductive male 
and female) 
Over wintering  Daily Maximum 
temperature  
18°C 1  Step general 
Teneral to reproductive stage (male and 
female) 
Stage transfer  Physiological age 1 1 Step 
Transfer from over wintering stage  Stage transfer 
 
Physiological age 
Days>18   
1 
1 day  
1 
1 
Step 
Step 
Reproduction (reproductive female) Egg production Fecundity per female 1400  NA NA 
Reproduction (reproductive female) Egg production Maximum number of 
eggs/ day/ female 
80 NA NA 
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Reproduction (reproductive female) Egg production Daily temperature 
cycle 
26°C 1.3 2 segment Linear  
Reproduction (reproductive female) Egg laying Larval density 12 0.6 Logistic 
Reproduction (reproductive female) Egg laying Fruit acceptability   NA 0-1 Index 
Reproduction (reproductive female) Activity index NA NA NA Direct 
 
* represents the host quality related larval mortality factor incorporated in this chapter.
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Larval mortality due to host quality is the focus of the model modification in this 
chapter.  Host quality (hq), as referred in this chapter, is the number of B. tryoni 
pupae emerging compared to the initial number of eggs laid into a fruit.  The 
assumption is that fly emergence is reduced from the number of eggs laid due to the 
fruit quality related factors, such as fruit chemistry or morphology.  The greater the 
difference between the number of eggs initially laid and the number of flies 
emerging, the poorer the host quality.  In this study, larval mortality due to host 
quality (hq) is denoted as Lhq.  In the model Lhq is an index value, starting at 0 (for 
the ideal fruit, no larval mortality) and increasing to 1 (the very worst fruit, 100% 
larval mortality).  For different runs of the model, the Lhq was a constant for one 
host fruit species or variety.   
Incorporating host quality related larval mortality (i.e. Lhq) into the model was done 
in the following manner.  There were two larval mortality types in Yonow et al.’s 
(2004) original model: these being establishment mortality and continuous mortality.  
Fifteen percent establishment mortality occurs initially and, after that, continuous 
larval mortality occurs.  Continuous mortality is the daily larval mortality (Ldm) 
occurring inside the fruit, and this is driven by daily temperature cycle (Lt), larval 
density (Lld) and fruit suitability (Lfs) (Yonow et al., 2004).  Note that the Lfs did 
not alter under the Yonow et al. version of the model, and I also chose to keep it a 
constant variable.  Instead, I inserted host quality related mortality (Lhq) as a new 
variable into the Ldm calculation.  The daily larval mortality was thus calculated as  
𝐿𝑑𝑚 = 1 − [( 1 − 𝐿𝑡) × (1 − 𝐿𝑙𝑑) × (1 − 𝐿𝑓𝑠) × (1 − 𝐿ℎ𝑞)] 
6.2.3 Sensitivity analysis  
6.2.3.1 Data files  
Methodological data from Cairns (16°9’S, 145°7’E), Queensland, Australia were 
used to test the model sensitivity to host quality related larval mortality.  The 
meteorological data used for this study was from January 1952 to December 1953, to 
allow comparison with the work published in Muthuthantri (2008) and Muthuthantri 
et al., (2010).  The historical nature of the time period is irrelevant to the sensitivity 
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analysis being carried out; any time period is suitable.  The daily meteorological data 
(minimum and maximum temperatures and rainfall) were obtained from the SILO 
Data Drill (http://www.nrme.qld.gov.au/silo). 
6.2.3.2 Model sensitivity analysis 
For sensitivity analysis, the only host (or other) variable altered was ‘host quality 
related larval mortality’ (Lhq).  Sensitivity analysis was done by differing Lhq in the 
model and seeing if the number of larvae and reproductive females changed.  Host 
quality related larval mortality (Lhq) values used were 0.1, 0.15, 0.2, 0.25, 0.3, 0.35 
and 0.4, with one-hundred reproductive females used as the starting cohort.  Above a 
Lhq value of 0.4 the population become extinct, so the sensitivity analysis did not 
include Lhq > 0.4.  The variables ‘fruits per tree’, ‘trees per hectare’ and ‘orchard 
size’ were arbitrarily set at 50, 250, and 2 ha, respectively, and left constant for all 
model runs. 
Results of the sensitivity analysis are presented in two ways.  One is by presenting 
the larval and reproductive female population curves produced with the changing 
parameter values from Lhq = 0.1 to Lhq = 0.4.  Each graph shows two panels in the Y 
axis, where panel 1 is the total larval number and panel two is the total reproductive 
female number, while the x-axis is the month of the year.  The second presentation 
of the sensitivity analysis is a statistical comparison of the mean numbers of 
reproductive female produced from model runs using the different Lhq values.  
Means were compared using one - way ANOVA, with Tukey’s LSD used as the post 
hoc test.  For each run of the model using a different Lhq value, the data used in the 
ANOVA was the daily number of reproductive females present in the population 
from day 30 through to day 59 (inclusive) of the model run.  The 30 daily counts 
thus generated were used as the input data for that particular Lhq ‘treatment’ in the 
ANOVA (Appendix 1). 
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6.2.4 Hypothetical host utilization scenarios developed for Mundubbera 
6.2.4.1 Meteorological data 
Mundubbera (25°36'S & 151°18'E) was used as a location to estimate B. tryoni 
population fluctuations resulting from different scenarios of host quality and 
abundance.  Mundubbera is a subtropical production site for which there is detailed 
information on the seasonal abundance of different B. tryoni hosts, the result of an 
area-wide fruit fly management program run in the district (Lloyd et al., 2000, 2007, 
2010).  The meteorological data used for my model simulation runs was from 1996 – 
1998, with daily meteorological data (minimum and maximum temperatures and 
rainfall) obtained from the SILO Data Drill (http://www.nrme.qld.gov.au/silo). 
6.2.4.2 Fruit data for different host utilization scenarios 
Host quality 
Host quality of the common host fruit available in Mundubbera; loquat (Eriobotriya 
japonica), mulberry (Morus alba), cherry guava (Psidium litorale) and mango 
(Mangifer aindica) were assessed in a preliminary experiment (Appendix 2) and the 
results used as a guide to rank different host quality related larval mortality (Lhq) 
under different host utilization scenarios.  Lhq was calculated based on pupal 
emergence of different quality hosts in the following manner. 
While theoretically Lhq ranges from 0 to 1, model runs for the sensitivity analysis 
(see Results) showed that populations died out at Lhq values > 0.4.  Given this model 
limitation, a value of Lhq = 0.4 was the maximum that could be set to explore 
different host quality/host abundance scenarios.  In order to try and capture the 
different host qualities of my fruit, while still getting the model to run, I thus scaled 
the Lhq values so they were within the 0.0 – 0.4 limits.  If pupal emergence from a 
given fruit host is x%, then larval mortality is assumed to be (100 -x) %.  In order to 
get this percentage of larval mortality within the range of Lhq = 0.0 - 0.4, the 
following calculation was performed. 
𝐿ℎ𝑞 = 0.4 × (100−𝑥)
100
  and used this value in my subsequent model runs. 
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When preparing fruit data files for different host utilization scenarios, fruiting 
phenology was estimated based on fruit penology data from Mundubbera.  The 
fruiting phenology data were sourced from fruit collections made during the area 
wide management program in Mundubbera run from 2003 to 2007 (Lloyd et al. 
2000,  2007, 2010).  The number of fruits of a genus (e.g. Citrus) and non-citrus fruit 
species (e.g. Eriobotrya japonica) collected per month was avaraged across years: 
this data is presented in Figure 6.2.  The fruit phenology data for Munduberra shows 
that the citrus season occurs from April to August (i.e. late autumn to winter), while 
in the Spring, citrus availability is low and mulberry, cherry guava and loquat 
become abundant.  A low level of citrus can be found outside the Winter months. 
As the model uses as input data the number of fruit available per tree per day, the 
field fruit data (i.e. Fig. 6.2) could not be used directly as the input data file.  Rather, 
the fruiting phenology data illustrated in Fig. 6.2 was taken as a guide to decide the 
relative fruit abundance of different hosts (e.g. citrus vs. non citrus) in Mundubbera 
and the host data files were prepared accordingly.  Detail of the host data files used 
for each host utilization scenario are described under each hypothetical host 
utilization scenario (see below). 
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 Figure 6.2: Phenology of different fruit fly host fruits in Mundubbera SE QLD.    Citrus      
Cherry guava      Carambola       Persimmon      Loquat     Mango      Mulberry 
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6.2.4.3 Hypothetical host utilization scenarios developed for Mundubbera 
In order to apply the B. tryoni population model for different host utilization 
scenarios in Mundubbera, different hypothetical scenarios were developed.  In all 
hypothetical environments it was assumed that: (i) there was only one host type 
available per simulation; (ii) all reproductive females produced in the environment 
were from this host species; and (iii) no dispersal occurred.  These were restrictions 
imposed by the model, which in its current form only allows for one fruit type per 
run.  The initiating cohort for a model run was set as one reproductive female, and all 
host fruit utilization scenarios were run from January 1996 to December 1997 
inclusive.  The inability to currently model sequential host use within a year (i.e. as 
fruits come in and out of season) is a serious weakness of the model and one which 
needs to be overcome if true predictive population modelling is to be attempted. 
Scenario 1: Citrus fruit only available in the system 
In this hypothetical environment only citrus trees were available for fruit fly 
breeding. Citrus fruits were highly abundant in orchards during the commercial 
season from April to September, while outside the main citrus season any fruits 
collected were mainly from a very small number of low yielding feral and back yard 
trees (Fig. 6.2).  To generate the phenology data file neither the number of trees per 
hectare (set at 158 trees/ha) nor was land size (set at 10ha) varied.  Rather, the 
number of fruits per tree was changed over time to generate a fruiting phenology 
pattern that reflected the field data presented in Fig. 6.2 (Appendix 3a).  Host quality 
differences among citrus types was not considered in this scenario and, based on the 
data in Chapter Two of approximately 20% pupal emergence from citrus, the Lhq 
(citrus) was calculated (using the formula in section 6.2.4.2) as 0.32. 
Scenario 2: Citrus phenology but good quality host   
In this hypothetical environment the fruiting penology and abundance of the host 
was identical to Scenario 1 (Appendix 3b), but the host was of better quality with an 
assumption that average pupal emergence rate was 70% and hence Lhq (better host) = 
0.12.  
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Scenario 3:Non-citrus fruits only available in the system 
In this hypothetical environment only the non-citrus fruiting trees, such as mulberry, 
loquat and cherry guava were available.  Many of these fruit are outside the main 
citrus season (Fig.6.2).  These fruit trees are generally not grown on a commercial 
scale, but can found along the roadside or in backyards.  The number of such trees in 
Mundubbera are much lower than citrus (Lloyd et al., 2010), however, these fruits 
are high quality hosts for B. tryoni in comparison to citrus (Appendix 2) and 
sometimes the number of fruit per tree can also be very high (e.g. mulberry).  The 
fruit data file was generated so that number of trees was lower per unit land area, but 
the number of fruits per tree was higher than in Scenarios 1 & 2 (Appendix 3c).  In 
my laboratory trials the non-citrus host trees all show very low juvenile mortality 
compared to initial eggs laid into fruits (Appendix 2), with an average of 70% pupal 
emergence across the different fruit types.  Thus average pupal emergence of these 
fruits were taken as 70% and Lhq was calculated and set at 0.12. For modelling 
purposes different non - citrus fruit types were, treated as one fruit type.  The 
phenology of this fruit is showed in Fig. 6.3. 
 
[The data in appendix 2 shows ~100% emergence only for mulberry – the other three 
are around 50-75% emergence.  For each host utilization scenario, the population 
curve for the number of reproductive females and the fruit phenology curves are 
illustrated graphically (Fig.6.5). 
 
6.3 RESULTS 
6.3.1 Sensitivity analysis 
As Lhq increased, the predicted number of larvae and reproductive females 
decreased, although the phenology patterns remained very similar (Fig. 6.3 A- F).  
From Lhq = 0.1 to Lhq = 0.35 there was continuous larval and adult production 
throughout the two year run period of the model (Fig.6.3 A- F), however, at Lhq = 
0.4 larval production declined to zero in the spring of the first year and the 
population died out (Fig.6.3 G).  Model runs at Lhq > 0.4 failed to run, or populations 
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died out within a few generations (data not presented), clearly showing the 
sensitivity of the model to hosts of poor quality. 
6.3.1.1 Mean reproductive female number with respect to Lhq  
The mean number of reproductive females produced between day 30 and day 59 of 
each model run at different Lhq values were significantly different from each other 
(F182, 188 = 7736.9, p < 0.001) (Fig.6.4).  This analysis similarly confirms the 
sensitivity of B. tryoni populations to variation in host quality. 
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Figure 6.3: Predicted population phenology of Bactrocera tryoni using a modified 
DYMEX model initially presented by Yonow et al. (2004).  Each figure part consists 
of two panels, where the upper panel is the predicted larval number, and the lower 
panel the predicted number of reproductive females.  Each figure part varies only 
from the others in the model parameter Lhq (= larval mortality due to host quality).  
Increasing Lhq represents hosts of decreasing suitability for B. tryoni off-spring 
survival.  The Lhq values are (A) Lhq = 0.1, (B) Lhq = 0.15, (C) Lhq = 0.20, (D) Lhq 
= 0.25, (E) Lhq = 0.30, (F) Lhq = 0.35, (G) Lhq = 0.40.  Note that for each figure part, 
while the x-axis is constant, the y-axis is variable. 
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Figure 6.4:  Predicted daily mean (±SE) number of Bactrocera tryoni reproductive 
females produced from days 30-59 inclusive of a modified DYMEX B. tryoni 
population model initially presented by Yonow et al. (2004).  Each column is the 
output of a different model run, where the only difference between the runs was the 
Lhq (= larval mortality due to host quality) value.  Increasing Lhq represents hosts of 
decreasing suitability for B. tryoni off-spring survival. 
6.3.2 B. tryoni host utilization scenarios 
Scenario1: Citrus fruits only in the system 
With citrus only in the system, the fly populations declined to zero by the end of the 
first year of the simulation (Fig 6.5A).  Given the high Lhq value of citrus, this is in 
agreement with the findings of the sensitivity analysis. 
Scenario 2: Citrus phenology but good host quality  
With plentiful, high quality hosts available, the number of reproductive females built 
up in the population, even through fruits were most common during the cooler 
winter months.  An absence of fruit was reflected by a (lagged) decline of female 
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numbers during the summer months.  In year 1 (i.e. 1996) of the simulation there 
was a dramatic drop, and then rise, in reproductive female numbers in August (Fig. 
6.5 B).  This reflects the effect of a critical lower threshold temperature value on 
model output, with the model predicting reproductive females would enter a 
diapausing state (and so become non-reproductive) at this time.  An almost 
immediate increase in temperature above the threshold, leads to these same females 
re-entering the cohort of ‘reproductive’ females. 
Scenario 3:Non-citrus fruits only available in the system  
With high quality hosts available, predominantly in the summer and autumn months, 
the fly population increased over time.  In contrast to Scenario 2, when good quality 
hosts were available predominantly only in winter, the availability of good quality 
hosts in the warmer months in Scenario 3 led to higher total abundance of flies, than 
Scenario 2 even though host abundance in the area was less than in Scenario 2 (Fig. 
6.5 C). 
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Figure 6.5: Predicted population phenologies of Bactrocera tryoni using a modified 
DYMEX model initially presented by Yonow et al. (2004).  Each figure part consists 
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of two panels, where the upper panel is the predicted number of reproductive 
females, and the lower panel the abundance of host fruit.  Each figure part varies 
from the others in the abundance of host fruit (figure parts A &B the same, differ 
from part C), or the model parameter Lhq (= larval mortality due to host quality).  
Increasing Lhq represents hosts of decreasing suitability for B. tryoni off-spring 
survival.  The Lhq values are (A) Lhq = 0.32, (B) Lhq = 0.08, (C) Lhq = 0.004.  Note 
that for each figure part, while the x-axis is constant, the y-axis is variable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
139 
 
6.4 DISCUSSION 
Using a modification of the DYMEX model developed by Yonow et al. (2004), the 
population dynamics of B. tryoni have been shown to be highly sensitive to changes 
in larval host quality (as assessed through its impact on off-spring survival) (Figs. 
6.3 & 6.4).  When different quality host utilization scenarios are considered, the 
availability of a good quality hosts is seen to be critical for continuous population 
growth.  Poor quality hosts, even when abundant in the environment, cannot sustain 
B. tryoni populations (Fig.6.5a).  In contrast, even relatively low numbers of high 
quality fruit can produce very large populations of flies (Fig 6.5c). 
The maximum Lhq value obtained from sensitivity analysis, before populations 
started going to extinction, was Lhq  = 0.4.  This value is far lower than the larval 
mortality rates recorded in real citrus fruits in laboratory experiments (Chapter 2).  
The question is then why does the model fail to generate ongoing populations when 
host related larval mortality is still quite low?  The likely reasons for this are other 
sources of mortality in the model that, act on the larval stages (e.g. the establishment 
mortality), or other life stages, (Table 6.2).  The cumulative effect of different 
mortalities thus causes rapid extinction of the modelled populations, even when the 
hosts would still be considered of moderate quality, causing only 40% offspring 
mortality.  This point reinforces the issue of just how much host quality may affect 
field populations.  If offspring mortality in different hosts is >95% (Chapter 2), then 
a field population needs to suffer almost no other mortality before extinction is likely 
to occur.  It is important to note here that host quality is not suggested to bethe most 
important factor affecting field populations of B. tryoni.  The sensitivity analysis I 
performed in this study assessed the sensitivity of the model to only one parameter 
(i.e. Lhq).  It did not test if this was the parameter the model was most sensitive to, 
nor the effects of different parameters on model output.  The sensitivity of the model 
to host quality was done within the context of the larger thesis (i.e. understanding B. 
tryoni citrus host use), not as a way of better understanding all factors driving B. 
tryoni populations, or the DYMEX population model derived byYonow et al. (2004). 
In a cropping system there are many environmental factors affecting the population 
dynamics of fruit flies, including climate, other fruit fly individuals and parasites 
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(Aluja & Mangan, 2008).  Based on the analysis of this chapter, host quality should 
also be considered a factor that influences population dynamics.  However, in a 
natural environment, there are likely to be multiple host fruit species occurring at the 
same time, with each possessing different host qualities which may increase or 
decrease the population size and growth rate of B. tryoni.  Such variation was not 
captured by my model, in which only one host, of the same host quality, was 
available throughout the year.  Given this limitation, it is necessary to develop the 
model further so as to incorporate the availability of a range of hosts of different 
quality hosts at different times of the year in order to accurately model the influence 
of host quality on the population dynamics of B. tryoni.  Alternatively, if multiple 
host species are available in the system, but they have the same or similar host 
quality, then the existing model may be sufficient for modelling purposes. 
In terms of field management, the results have significant implications.  In 
Mundubbera, citrus is the main winter crop.  Citrus is a poor quality host, and in 
combination with its main abundance in the cooler season, the model predicted that 
local populations would rapidly become extinct when utilising this host alone 
(Scenario 1).  However, there are other high quality fruits in the district (Fig. 6.2, 
Appendix 2) and these are available, even if at only low numbers, during the citrus 
season.  Results show that these good quality hosts could maintain continuous B. 
tryoni populations even when at relatively low fruit abundance levels (Scenario 3, 
Fig 6.5).  These hosts can maintain or increase the fly populations and act as 
alternate hosts from summer, through winter and into spring.  Thus, as the current 
area-wide management strategy recommends, it is necessary to control fruit flies on 
these less common, but high quality hosts.  Indeed, the model strongly suggests, in 
terms of total local population, that it is more important to manage flies on these 
non-citrus hosts than it is on the commercial citrus. 
Effect of the quality of host on immature B. tryoni survival is significant at 
population level in a mechanistic model.  However, model needs to further develop 
so that it can incorporate different quality hosts at different time of the year and 
verify the model with actual field population data. 
This study started with the host use behaviour in relation to oviposition preference 
and larval survival at individual fly level and proceeded to investigate the very fine 
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detail of host related citrus peel physical and chemical properties impacted on its 
larval survival.  B. tryoni citrus host use was retested under field environment and 
finally the impact of host quality on B. tryoni population was investigated. In the 
next chapter, results obtained from research chapters will be integrated and discuss 
possible implications and areas for further research. 
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CHAPTER 7 
General Discussion 
7.1 Thesis summary 
Yonow & Suthurst (1998) and Yonow et al. (2004) reported that the abundance and 
dynamics of B. tryoni populations are primarily regulated by climatic variables, a 
view based on extensive research of B. tryoni in temperate regions of eastern 
Australia (Bateman, 1968; Fletcher, 1975, 1979; Yonow et al., 2004).  This is in 
contrast, however, to observations made in tropical and subtropical parts of eastern 
Australia, where the availability of larval hosts have been postulated (without direct 
testing) as the primary regulating factor for B. tryoni population dynamics (Drew et 
al., 1984; Muthuthantri et al., 2010).  The influence of host related factors on the fate 
of individual B. tryoni, and hence on populations of the fly has been very poorly 
researched (Aluja & Mangan, 2008; Yonow et al., 2004).  There are some studies 
investigating fine details of B. tryoni host plant relationships in terms of oviposition 
choice (Eisemann & Rice, 1985; Fitt, 1986 , Pritchard, 1969; Prokopy et al., 1999) 
and larval survival (Balagawi et al., 2005; Bower, 1977; Fitt, 1984).  There are also 
studies that assess the abundance or phenology of hosts and correlate these factors 
with changes in the abundance of the fly (Drew et al., 1984; Raghu et al., 2000).  
However there are no unified studies for B. tryoni that simultaneously look at 
preference/performance for particular hosts, the mechanisms underlying such 
relationships, and then take that fine detailed work further by assessing the 
implications of individual host use on the dynamics of emergent populations. 
In this thesis I have addressed this question by investigating B. tryoni host utilization 
behaviour of commercially important citrus grown in subtropical Queensland, at a 
range of ecological and behavioural scales.  Bactrocera tryoni adult oviposition 
preference and immature survival were investigated through studies of individual fly 
behaviour, while the mechanisms underlying host usage were elucidated through 
morphological investigation of host peel and larval feeding biossays.  This detailed 
understanding of B. tryoni citrus host use patterns was confirmed with controlled 
field experiments, and then extended through a mechanistic, cohort-based population 
model to investigate the impacts of the differing host quality and abundance on the 
fly’s population dynamics. 
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The laboratory host preference/performance studies (Chapter 2) showed that female 
B. tryoni exhibited significant oviposition preferences among citrus fruit types.  Even 
though the field study (Chapter 5) did not show such marked differentiation among 
fruits, there were still significant differences in some aspects of host utilisation (e.g. 
significantly larger clutch sizes in lemon).  Even though B. tryoni is known as a 
highly polyphagous fruit fly species (Fleture, 1989; Bateman, 1972), these results 
raised questions about the nature of the polyphagy in B. tryoni and these are 
elaborated on later in this chapter. 
In addition to adult flies showing generally low oviposition preference for citrus 
fruit, immature stage survival was also very poor in citrus (Chapter 2).  Moreover, 
larval survival rate is also significantly different across citrus types (Fig. 2.6 & Table 
2.1).  The study further explored the reason for such poor host status of B. tryoni 
among citrus.  In detailed studies (Chapters 3 and 4) I found that fruit peel is a major 
influencing factor on the B. tryoni oviposition and larval survival in citrus.  Citrus 
peel physical factors such as peel toughness and oil gland density reduce the depth of 
oviposition by adult flies, resulting in eggs being positioned at different depths 
within the peel.  Different parts of the citrus peel have different chemical and 
physical micro environments, for example the flavedo has high concentrations of 
peel oil while the albedo few or no chemicals (Chapter 3).  The citrus peel chemicals 
have a significant toxic effect on B. tryoni larvae and are an important mechanism 
explaining poor larval survival in citrus fruit (Chapter 4).  In my study all citrus 
types except Murcott had B. tryoni eggs laid into the oil rich flavedo layer, resulting 
in very low emergence of pupae from these fruits.  In contrast with eggs deposited 
into the albedo of Murcott mandarins, emergence of pupae from this fruit type was 
significantly higher than the other citrus tested.  The results of Chapters 3 and 4 have 
important implications for breeding fruit resistant to fruit fly, and I also elaborate on 
this point later in this chapter. 
Oviposition preference and larval survival was significantly different not only 
between species but also between varieties of the same species (Chapter 2).  For 
example, Navel and Valencia oranges had different chemical peel properties, which 
were correlated with differential larval survival (Chapters 2 & 4).  This indicates that 
host use behaviour of B. tryoni adult and larvae can vary even at the level of fruit 
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variety, a resulted previously found for this fly in tomatoes and apples (Balagawi, 
2005; Bower,1977).  However, this level of host use discrimination has not been 
recognised in B. tryoni population models (Yonow et al., 2004;  Muthuthantri, 2008), 
where it has been assumed all fruit are used equally by the fly.  My data strongly 
infers that this would not be the case in real fruit utilization by B. tryoni in the field.  
Furthermore, incorporating host quality related larval mortality into a B. tryoni 
population model shows the phenology of predicted populations to be highly 
sensitive to this variable (Chapter 6).  Thus, an assumption that all hosts are equally 
utilised by the fly in the field will lead to overestimation of population sizes, when 
low quality hosts such as citrus are the most abundant host in the environment.  The 
implications of these findings for area-wide management of B. tryoni are discussed 
at the end of Chapter 6. 
There is very little published literature on B. tryoni to allow direct comparison of my 
work on citrus, to other hosts utilised by the fly.  Balagawi (2005) reported that B. 
tryoni exhibited differential oviposition ranking and off-spring performance among 
three tomato varieties, while Bower (1977) reported varying larval survival among 
different apple varieties.  These papers support my findings of differential host 
patterns by B. tryoni among citrus fruits.  In contrast, Fitt (1986) reported that B. 
tryoni laid eggs equally in any fruit offered in the laboratory and that B. tryoni larvae 
could develop successfully in all tested hosts; findings which he interpreted as 
exemplifying the polyphagous nature of this species.  As a key conclusion of my 
thesis, I think the nature of what polyphagy means must be more closely examined, 
not only through detailed laboratory studies, but also through field - work and the 
indirect approaches offered by modelling.  The issue of polyphagy is addressed in 
the next section. 
7.2 RESEARCH IMPLICATIONS 
 
7.2.1 Resistance breeding for fruit flies 
Resistance to herbivores occurs naturally between both individuals and genetic 
lineages of plant species (Aluja & Mangan, 2008; Scriber, 1984).  The incorporation 
of resistance mechanism, or selective breeding to enhance resistance has been used 
in many commercial plant species to make those plants are less susceptible to pest 
attack (Gogi et al., 2010; Hennessey & Schnell, 2001).  As fruit flies are pests in 
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which the adult flies initiate damage by laying eggs, and the feeding larvae cause 
direct damage to the fruit, different mechanisms are available for plant resistance to 
fruit flies by reducing or preventing adult fruit fly oviposition and/or by reducing 
larval development and survival (Robinson & Hooper, 1989; Aluja & Mangan, 
2008).  
In mango, natural resistance to oviposition by both B. dorsalis and A. obliqua occurs 
due to the peel toughness (even in ripe fruits) and by the secretion of resins that are 
toxic to any eggs laid (Hennessey & Schnell, 2001; Rattanapun et al., 2009).  
Similarly, papaya fruit produce chemicals that are toxic to the eggs of B. dorsalis, C. 
capitata and B. cucurbitae (Seo & Tang, 1982; Seo et al., 1983).  Bactrocera 
cucurbitae were less attracted to bitter-gourd varieties with tough peel and an uneven 
peel surface (Gogi et al., 2010).  Host specific defence mechanisms such as these can 
be utilized to reduce fruit susceptibility to fruit flies, an outcome that is clearly 
beneficial for fruit growers.  Because the major pest fruit fly species are both 
polyphagous and have high dispersal capabilities, they are difficult to control using 
standard on-farm controls (Lloyd et al., 2010) and so non-chemical pest management 
methods such as developing resistant plant varieties is a potentially good option for 
reducing infestation levels (Clarke et al., 2011a). 
Citrus is a commercial crop with strong natural defence mechanisms against many 
insects, including fruit flies (Bodenheimer, 1951).  Citrus peel has been reported to 
be resistant to ovipositor penetration by many fruit fly species (Aluja et al., 2003; 
Greany, 1985; Greany et al., 1983; Jones, 1989).  Some authors have shown that cell 
compactness and a thick cuticle layer are the mechanisms responsible for resistance 
to ovipositor penetration (Jones, 1989).  Larval development is limited by peel 
hardness, as it may limit larval mobility (Back & Pemberton, 1915; Leyva et al., 
1991).  In this thesis, I have found that citrus peel toughness and oil gland density 
significantly influence the amount of B. tryoni oviposition and the oviposition depth 
into fruit (Chapters 2 and 3).  To be of benefit to both fruit producers and consumers, 
my study further revealed that brix level and fruit size were not related to 
susceptibility or resistance of fruit.  This means breeding for B. tryoni resistance 
need not involve breeding for smaller fruit, or more sour fruit. 
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Not only citrus peel physical traits are associated with the susceptibility of citrus to 
fruit fly, but so are citrus peel chemical traits (Papachristos et al., 2008; Greany et 
al., 1983).  Fruit fly eggs laid into the oil rich flavedo layer suffer high mortality, 
while eggs laid into largely oil less albedo suffer much lower mortality (Eskafi, 
1988; Greany et al., 1983; Leyva et al., 1991).  My study found similar results, as in 
Murcott mandarins where eggs were laid into the albedo layer and showed high fly 
emergence, while in contrast in other citrus types, where most eggs were placed into 
oil rich flavedo, very few flies were produced (Chapters 2 and 3).  The chemical 
influence on B. tryoni larvae was confirmed in the larval feeding bioassays (Chapter 
4.), in which citrus peel oils were confirmed as being highly toxic to B. tryoni larvae.  
D - limonene was shown to be the main chemical fraction in citrus essential oil 
responsible for B. tryoni larval death. 
The results of my thesis can be used in developing B. tryoni resistant citrus varieties.  
As discussed above, increasing peel toughness reduces both the clutch size and 
oviposition depth of B. tryoni in citrus.  Hence, increasing citrus peel toughness will 
result in both (i) reduced total infestation and (ii) more eggs being laid into oil rich 
flavedo layer causing greater offspring mortality.  Moreover, high gland density 
further reduces the ovipositor depth.  Thus increasing citrus peel toughness and 
increasing oil gland density are direct targets for selective breeding programs to 
make citrus less susceptible.  Not only physical factors, but also peel oil chemical 
properties can be selected to improve the resistance of citrus tofruit fly infestation.  
D - limonene is the essential oil fraction predominantly responsible for larval death 
of B. tryoni.  Thus increasing D - limonene content in the citrus peel oil may further 
increase the peel resistance of citrus for B. tryoni larvae.  It is important to note that 
the increases in toughness, oil gland density and D - limonene required to make 
citrus resistant to B. tryoni are not large – most of the citrus tested in my thesis are 
already highly resistant to the fly.  But for varieties such as mandarin, these specific 
targets for selective breeding offer good opportunities with minimal, if any, impact 
on consumer priorities, such as fruit size and sweetness. 
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7.2.2 Host status and fly control   
It has been widely assumed fact that all fruits in the host range of polyphagous fruit 
flies are equally attractive and susceptible to fruit flies in the field environment 
(Bernays & Chapman, 1994; Hanson, 1983; May & Ahmad, 1983).  Such 
assumptions lead to the formulation of fly management strategies for all hosts at an 
equal level of intensity (Dhillon et al., 2005; Lloyd et al., 2010; Mau et al., 2007).  
However, there are many research reports indicating that both polyphagous and 
specialist fruit flies do not use all host species or host varieties equally (Clarke.R, 
2005; Vargas et al., 1990).  Despite being highly polyphagous, Bactrocera dorsalis 
and B. invadens show preference hierarchies among mango varieties, which in itself 
is not a good host for larvae (Rattanapun et al., 2009).  Similarly B. musae, a 
supposed banana specialist, does not utilize banana varieties equally (Mararuai, 
2010).  My study shows similar results in that B. tryoni does not oviposit 
indiscriminately into oviposit into all citrus types and that larval host suitability 
varies significantly.  These results can be used in helping to formulate B. tryoni 
control and market access protocols in citrus. 
It is important to consider the different host preferences and susceptibilities of 
polyphagous fruit flies in developing in-field management programs as the levels of 
pest controls applied could be manipulated according to the host status for the fruit 
fly.  For example trapping is becoming a strategy for not only fruit fly monitoring, 
but also fly control (Cohen & Yuval, 2000; Haniotakis et al., 1991; Navarro-Llopis 
et al., 2008; Broumas et al., 2002).  As fruit flies are likely to be most abundant in 
orchards of preferred fruit, more traps could be hung in such orchards than in 
orchards of less susceptible fruit (Vargas et al., 1990).  Other fly management 
strategies could also be applied on a more specific manner based on the flies’ host 
use patterns.  For example while chemical based pest management is becoming a less 
popular pest management option, it is still important to use chemicals commensurate 
to the need of the crop, with fewer sprays used for low pressure crops and more for 
highly susceptible crops.  Such understanding and application enhances the efficient 
use of resources (i.e. capital, time, human resource) for pest control.  A reverse 
scenario also needs to be considered.  Lloyd et al. (2010) developed protein bait 
spray as an effective crop management tool on citrus, but we now know citrus to be a 
crop with low susceptible to B. tryoni.  Use of protein bait spray as a control option 
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on more susceptible stone-fruit is failing to protect crops (J. Moore, Summer fruit 
Australia Ltd, pers comm.).  In this case the control methodology clearly needs to be 
modified based on the susceptibility of the crop. 
Market access protocols are another major limitation for farmers attempting to 
access local and international markets (Clarke et al., 2011a).  Commonly the 
different host status of varieties within host species are not considered when 
recommending the quarantine treatments required for market access 
(http://www.dpi.vic.gov.au/agriculture/horticulture/moving-plants-products/About-
Plant-Quarantine-Manual/manual).  Numerous cases exist where field host status 
differences among citrus species and varieties are not considered in the quarantine 
disinfestation process (De Lima et al., 2007; Grout et al., 2011; Heather et al., 1996).  
My data show that while Queensland fruit fly will oviposit into different citrus types, 
F1 offspring production from lemon, oranges and grapefruit are very low, and hence 
the quarantine risk of such fruit being a source of an invasive fly population is very 
low.  Such host status differences need to be recognised officially and the differences 
incorporated into market access risk reduction models on a cultivar by cultivar basis. 
7.2.3 Bactrocera tryoni and the preference/performance relationship in 
herbivorous insects 
The preference/performance hypothesis (PPH) states that female insects should be 
under directional selection to oviposit on substrates that maximise the growth, 
survival and eventual reproductive capacity of their offspring (Craig & Itami, 2008; 
Gripenberg et al., 2010; Jaenike, 1978; Thompson, 1988).  In summary, the 
hypothesis predicts a positive correlation between adult oviposition preference and 
offspring performance (Clarke et al., 2011b).  Tephritids are one of the insect groups 
where the ovipositing adult has 100% control over the food host used by her 
offspring.  This is because, unlike some insect larval stages that are mobile and have 
the ability to locate and discriminate between hosts (e.g. many lepidopteran 
caterpillars) (Shikano et al., 2010), tephritid larvae are restricted to living inside the 
single fruit piece selected by the adult (Fitt, 1986; Fletcher, 1989).  Thus a positive 
correlation between adult oviposition preference and larval host utilisation might be 
predicted to be particularly important for tephritids. 
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In the current study B. tryoni laid higher number of eggs into Murcott mandarin than 
other citrus types, and from Murcott had the highest egg to pupal emergence rate, 
highest pupal to adult emergence rate and higher fecundity in F1 generation: this 
indicates a high preference/performance correlation.  On the other hand, adult flies 
also showed a strong oviposition preference for grapefruit, but from these fruits had 
very low egg to pupal emergence and pupal to adult survival, with low fecundity in 
the F1 generation.  This indicates a negative preference/performance relationship and 
the conflicting results indicate that larval survival was not always ‘optimised’ by the 
adult female when laying into citrus. 
Adult preference and larval performance relationships have shown both positive and 
negative correlations in other tephritid species (Diaz-Fleischer & Aluja.M., 2003; 
Fernandes da Silva & Zucoloto, 1993; Joachim-Bravo & Zucoloto, 1997; Lealonde 
& Mangel, 1994; Nufio & Papaj, 2004). Ceratitis capitata had significantly higher 
oviposition in ripe papaya over unripe papaya, with higher offspring performance in 
ripe papaya; and greater preference for papaya over apple, with offspring 
performance greater in papaya than apple (Joachim-Bravo et al., 2001b).  In 
laboratory trials on artificial substrates, A. obliqua showed higher oviposition 
preference to a substrate containing protein over a substrate without protein, with 
larval performance in former substrate significantly higher (Fernandes da Silva & 
Zucoloto, 1993).  Bactrocera dorsalis larval performance was greater in ripe and 
fully ripe mango than in unripe mango, with adult oviposition preference positively 
correlating with offspring performance (Rattanapun et al., 2009).  However, these 
positive preference/performance relationships are countered by documented negative 
relationships.  Rhagoletis juglandis and A. ludens  both show preference for fruit 
characters that are not most favourable for larval development (Diaz-Fleischer & 
Aluja, 2003b, Nufio & Papaj, 2004, Ladonde & Mangel, 1994).  B. tryoni has been 
previously shown to exhibit negative preference/performance correlations (Fitt, 
1986), while Balagawi et al. (2013) showed that both B. tryoni and Bactrocera 
cucumis (French) showed positive and negative preference/performance correlations  
depending on the species of host fruit tested. 
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Implications for the general theory  
Many phytophagous insect species show positive or negative 
preference/performance correlations in their host use behaviour (Berenbaum & 
Feeny, 2008; Friberg & Wiklund, 2009; Lamba et al., 2003; Nylin, 1996; Nylin & 
Janz, 1996; Nyman et al., 2011; Videla et al., 2012).  However, positive correlations 
are more likely to be seen among specialists than generalists, with generalists more 
likely to show a mix of strong and weak preference performance correlations among 
different hosts within their host range (Liu et al., 2012; Mayhew, 1997; Shikano et 
al., 2010; Wennström et al., 2010). 
There are several reasons to consider why consistent preference performance 
correlations are not seen in the host use behaviour of generalist herbivores (Craig & 
Itami, 2008; Mayhew, 1997; Thompson, 1988).  Polyphagous insects have a problem 
processing the multiple sensory inputs coming from multiple host plants, due to the 
limitation of receptor neurons in their bodies.  This limits their neural ability to 
identify good hosts from bad (Bernays, 2001).  Another reason for poor 
preference/performance correlations among generalist herbivores is related to the 
genetics of the insect.  It female oviposition preference and offspring performance 
characteristics are inherited on separate loci, then they may well have separate 
evolutionary pathways and thus adult oviposition preference need not  match the 
optimal hosts for offspring (Berenbaum & Feeny, 2008; Thompson, 1988; Wiklund, 
1974).  Preference/performance relationships can also be severely ‘unlinked’ when a 
host shift is undertaken by the adult insect due to changed ecological conditions (e.g. 
old host lost due to climatic changes, a new host introduced to an environment, or 
when a poor larval host becomes very abundant in the environment) (Chew, 1977; 
Legg et al., 1986; Wiklund, 1975).  Generalist herbivores not rapidly adapting to 
physiological or other changes happening in the host plant may also reduce the 
strength of the preference and performance relationship.  For example if a previously 
good larval host becomes a poor larval host due to selection by some environmental 
attribute affecting the plant but not the insect, then ‘bad’ host selection by the adult 
insect may occur (Gripenberg et al., 2010). 
My study adds to the growing body of literature (Balagawi et al., 2013; Clarke et al., 
2011b) that is failing to find consistency (either for or against) the PPH.  In the case 
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of my study it might be argued that rapid selection and modification of the citrus 
hosts by humans for agriculture would almost certainly have broken any positive 
relationships that were there, but agricultural plants have been used elsewhere to 
support or deny the PPH (Gripenberg et al., 2010).  What is perhaps most interesting 
about the PPH and my study is the generally poor quality of citrus as hosts for B. 
tryoni regardless of variety or species: my comparisons are thus more about ‘bad 
versus worse’, rather than ‘good versus bad’.  This reinforces the point stressed by 
Balagawi et al. (2013) that much theoretical interpretation in this field is strongly 
dictated by the host plants chosen for study by the experimenter, and that simply 
changing the plants studied can change interpretation.  In this context, the 
mechanistic approach to understanding host use undertaken in this thesis is possibly 
of greater long term benefit, than studies explicitly testing theoretical predictions of 
host use patterns. 
 
7.3 FURTHER RESEARCH 
7.3.1 B. tryoni citrus host use behaviour in exotic vs. native citrus species 
My thesis demonstrated an oviposition preference hierarchy among five selected 
citrus types, and also showed overall low fly production from citrus.  There are many 
other Citrus species and other genera from the citrus family Rutaceae growing in 
eastern Australia, the endemic range of B. tryoni.  These include Australian natives 
(e.g. C. australasica [finger lime], Acronychia spp [lemon aspens]) and other 
commercial and non-commercial exotics (e.g. C. jambhiri [bush lemon], Fortunella 
japonica [kumquat]).  Many of these are published hosts for B. tryoni (Hancock et 
al., 2000).  For future studies, it would be worthwhile to explore whether host 
utilisation differences and the generally low fly production patterns exhibited among 
citrus types in my study remains consistent when other native and exotic Citrus 
species and/or Rutaceae are studied.  While identifying B. tryoni host use patterns 
with other citrus types, it would also be good to further explore the underlying peel 
physical and chemical properties influencing B. tryoni larval survival in these citrus 
types. 
Australia has six native species of Citrus (C. australasica, C. australis, C. indora, C. 
garrowayi, C. maaideniana, C. glauca) (Flora of Australia On-line; 
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http://www.anbg.gov.au/abrs/online-resources/flora/), none of which are recorded 
hosts of B. tryoni (Hancock et al., 2000) despite most occurring in habitats where B. 
tryoni occurs. Native host plants of herbivorous insects often have higher levels of 
inherent pest defence mechanisms than do exotic species and new human modified 
breeds (Aluja & Mangan, 2008).  The lack of records of B. tryoni from native Citrus 
species suggests that the local species may well be resistant to the fly.  It would thus 
be worthwhile to investigate the host use patterns and processes of B. tryoni on those 
native species, as they may provide novel resistance mechanisms that could be 
incorporated into commercial varieties. 
7.3.2 Citrus peel chemical effects on B. tryoni larval survival 
Of the six individual oil fractions (i.e. the monoterpene hydrocarbon group oil 
factions) tested for impacts against B. tryoni larvae in this thesis, only D limonene 
caused significant toxicity (Chapter 4).  Yet the published data on citrus peel oil 
effects on other species of tephritid larvae (Anastrepha, Ceratitis) showed that many 
other oil fractions had significant toxic effects (Greany et al., 1983; Papachristos et 
al., 2009; Salvatore et al., 2004).  More specifically, the oxygenated monoterpene 
group of peel oil fractions, such as linalool, citral and coumarin, were demonstrated 
as more highly toxic to many tephritids than the monoterpene hydrocarbons.  The 
oxygenated monoterpene content of citrus oils declines with fruit ripening and is 
reduced further during storage (Greany et al., 1983; Salvatore et al., 2004).  As B. 
tryoni can lay eggs into fruit at anytime from colour-change to harvest, some amount 
of these chemicals should be presented in the peel when eggs are laid.  Hence it is 
important to study the effect of oxygenated monoterpenes on B. tryoni larval survival 
to gain a complete understanding of the role of citrus peel chemicals on B. tryoni 
larvae. Such new information could be used for pest management strategies 
including development of organic pesticides, improving cultivars by selective 
breeding, or manipulating harvesting time (i.e. harvest fruits at the maturity stage at 
which peel still has high chemical resistance). 
 
7.3.3 Improving B. tryoni population dynamics model to capture different hosts 
in the same model 
The modified B. tryoni population dynamics model used in this study can only 
handle one host (quality and abundance) at a time, i.e. the model predicts fly 
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phenology assuming only one host type is available through the year.  For the 
multivoltine, polyphagous B. tryoni, this is clearly an unrealistic and limiting 
assumption, as different hosts of different quality and abundance may be available to 
the fly simultaneously and/or sequentially throughout the year.  Further development 
of the model should therefore allow the incorporation of multiple hosts with different 
host qualities, with fly cohorts able to show ‘preference’ between available hosts.  
Such a model was an initial goal of this thesis, but the programming required was 
beyond the scope of expertise available.  However such a model, with the strong 
integration of abiotic parameter variables initially developed by Yonow et al. (2004), 
combined with realistic host plant parameters, has the potential to make realistic 
predictions of B. tryoni population phenology.  A good B. tryoni population model, 
verified with real field data which is widely available, would be of major importance 
in the long term sustainable management of this pest. 
 
7.4 CONCLUSIONS 
The series of experiments reported in this thesis quantified B. tryoni citrus host 
utilization and identified the fine details of the underlying mechanisms that influence 
those host use patterns.  The completed research answered the questions posed at the 
beginning of studies as follows: 
- Bactrocera tryoni oviposition host preference varied significantly across 
different citrus types. 
- Immature B. tryoni host use varied across citrus types and the overall larval 
host status of citrus for B. tryoni is very poor. 
- The citrus peel physical properties of toughness and oil gland density, are the 
main physical host attributes influencing B. tryoni oviposition preference and 
oviposition depth. 
- Citrus peel oil has significant negative effects on B. tryoni larvae 
- Host quality plays a major role on B. tryoni population dynamics in tropical 
and subtropical parts of the fly’s distribution. 
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APPENDICES 
Appendix 1: The reproductive female cohort selected for one way ANOVA among 
different Lhq in the sensitivity analysis 
Day 
Since  
start                                                     Reproductive female 
 
Lhq Lhq Lhq Lhq Lhq Lhq Lhq 
 
0.1 0.15 0.2 0.25 0.3 0.35 0.4 
30 3861.44 2345.71 1395.24 816.99 476.87 284.31 179.97 
31 4823.76 2922.19 1729.78 1004.34 577.64 336.06 205.17 
32 5060.83 3064.21 1812.19 1050.49 602.46 348.81 211.37 
33 5119.37 3099.28 1832.54 1061.89 608.59 351.96 212.9 
34 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
35 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
36 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
37 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
38 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
39 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
40 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
41 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
42 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
43 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
44 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
45 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
46 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
47 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
48 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
49 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
50 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
51 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
52 5133.73 3107.88 1837.53 1064.68 610.09 352.73 213.28 
53 5126.89 3103.74 1835.09 1063.26 609.28 352.26 213 
54 5126.89 3103.74 1835.09 1063.26 609.28 352.26 213 
55 5126.89 3103.74 1835.09 1063.26 609.28 352.26 213 
56 5126.89 3103.74 1835.09 1063.26 609.28 352.26 213 
57 5126.89 3103.74 1835.09 1063.26 609.28 352.26 213 
58 5126.89 3103.74 1835.09 1063.26 609.28 352.26 213 
59 5126.89 3103.74 1835.09 1063.26 609.28 352.26 213 
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Appendix2: Preliminary trial: Host quality of non-citrus fruits  
Different non-commercial hosts abundant in Mundubbera were tested for host 
susceptibility of B. tryoni in the laboratory.  The types of hosts were selected based 
on the fruit collection records from DPI area wide management program.  Thus, 
mulberry, cherry guava, mango and loquat were chosen to see the B. tryoni host 
susceptibility.  These fruits except mango were obtained from trees in the 
surrounding area in Brisbane during spring months.  Mango was purchased from 
organic market in Brisbane.  Cherry guava, loquat and mulberry were weighed and 
sorted as small, medium and large.  These fruits were artificially inoculated with B. 
tryoni eggs obtained from the B. tryoni fly colony maintained in DEEDI laboratory 
Indooroopilly, Brisbane.  Number of eggs per fruit was decided based on the larval 
diet ratio of thee eggs/gram of food (Pike et al., 2001).  Small incision was made 
using clean scalp and inserted required number of eggs into the cut and placed on a 
dripping tray and which placed on wet vermiculate tray. These fruits were then kept 
in CT room (25°C, 76% RH) until pupae emerged.  After two weeks, pupation was 
checked for more two weeks until all pupae were emerged.  Mean pupal emergence 
of different hosts were compared using one way ANOVA and mean separation done 
using LSD post hoc test. 
 
Fruit type
Cherry guava Loquat Mango Mulberry
Pu
pa
e 
em
er
ge
nc
e 
pe
rc
en
ta
ge
0
20
40
60
80
100
120
ab
b
a
ab
 
Number of B. tryoni pupae emerged from artificially inoculated fruits available in 
Mundubbera    
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Results showed that there was significant difference in number of pupae emerged 
among different hosts (F102, 3 = 30.08, p = 0).  There were no significant difference in 
pupae emergence among cherry guava, mulberry and loquat. Only mango and loquat 
pupal emergence was significantly different to each other (p = 0.29). 
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Appendix 3 :  Location specific fruit phenology data created for five scenarios (CD) 
 
Scenario 1 
   Date trees/land Fruits/tree Land  Total fruits available  
1/01/1996 158 5 10 7900 
2/01/1996 158 5 10 7900 
3/01/1996 158 5 10 7900 
4/01/1996 158 5 10 7900 
5/01/1996 158 5 10 7900 
6/01/1996 158 5 10 7900 
7/01/1996 158 5 10 7900 
8/01/1996 158 5 10 7900 
9/01/1996 158 5 10 7900 
10/01/1996 158 5 10 7900 
11/01/1996 158 5 10 7900 
12/01/1996 158 5 10 7900 
13/01/1996 158 5 10 7900 
14/01/1996 158 5 10 7900 
15/01/1996 158 5 10 7900 
16/01/1996 158 5 10 7900 
17/01/1996 158 5 10 7900 
18/01/1996 158 5 10 7900 
19/01/1996 158 5 10 7900 
20/01/1996 158 5 10 7900 
21/01/1996 158 5 10 7900 
22/01/1996 158 5 10 7900 
23/01/1996 158 5 10 7900 
24/01/1996 158 5 10 7900 
25/01/1996 158 5 10 7900 
26/01/1996 158 5 10 7900 
27/01/1996 158 5 10 7900 
28/01/1996 158 5 10 7900 
29/01/1996 158 5 10 7900 
30/01/1996 158 5 10 7900 
31/01/1996 158 5 10 7900 
1/02/1996 158 5 10 7900 
2/02/1996 158 5 10 7900 
3/02/1996 158 10 10 15800 
4/02/1996 158 10 10 15800 
5/02/1996 158 10 10 15800 
6/02/1996 158 10 10 15800 
7/02/1996 158 10 10 15800 
8/02/1996 158 10 10 15800 
9/02/1996 158 10 10 15800 
10/02/1996 158 10 10 15800 
11/02/1996 158 10 10 15800 
12/02/1996 158 10 10 15800 
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13/02/1996 158 10 10 15800 
14/02/1996 158 10 10 15800 
15/02/1996 158 10 10 15800 
16/02/1996 158 10 10 15800 
17/02/1996 158 10 10 15800 
18/02/1996 158 10 10 15800 
19/02/1996 158 10 10 15800 
20/02/1996 158 10 10 15800 
21/02/1996 158 10 10 15800 
22/02/1996 158 10 10 15800 
23/02/1996 158 10 10 15800 
24/02/1996 158 10 10 15800 
25/02/1996 158 10 10 15800 
26/02/1996 158 10 10 15800 
27/02/1996 158 10 10 15800 
28/02/1996 158 10 10 15800 
29/02/1996 158 10 10 15800 
1/03/1996 158 10 10 15800 
2/03/1996 158 10 10 15800 
3/03/1996 158 10 10 15800 
4/03/1996 158 10 10 15800 
5/03/1996 158 10 10 15800 
6/03/1996 158 10 10 15800 
7/03/1996 158 10 10 15800 
8/03/1996 158 10 10 15800 
9/03/1996 158 10 10 15800 
10/03/1996 158 10 10 15800 
11/03/1996 158 10 10 15800 
12/03/1996 158 10 10 15800 
13/03/1996 158 10 10 15800 
14/03/1996 158 10 10 15800 
15/03/1996 158 10 10 15800 
16/03/1996 158 10 10 15800 
17/03/1996 158 10 10 15800 
18/03/1996 158 10 10 15800 
19/03/1996 158 10 10 15800 
20/03/1996 158 10 10 15800 
21/03/1996 158 10 10 15800 
22/03/1996 158 10 10 15800 
23/03/1996 158 10 10 15800 
24/03/1996 158 10 10 15800 
25/03/1996 158 10 10 15800 
26/03/1996 158 10 10 15800 
27/03/1996 158 10 10 15800 
28/03/1996 158 10 10 15800 
29/03/1996 158 10 10 15800 
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30/03/1996 158 10 10 15800 
31/03/1996 158 10 10 15800 
1/04/1996 158 70 10 110600 
2/04/1996 158 70 10 110600 
3/04/1996 158 70 10 110600 
4/04/1996 158 70 10 110600 
5/04/1996 158 70 10 110600 
6/04/1996 158 70 10 110600 
7/04/1996 158 70 10 110600 
8/04/1996 158 70 10 110600 
9/04/1996 158 70 10 110600 
10/04/1996 158 70 10 110600 
11/04/1996 158 70 10 110600 
12/04/1996 158 70 10 110600 
13/04/1996 158 70 10 110600 
14/04/1996 158 70 10 110600 
15/04/1996 158 70 10 110600 
16/04/1996 158 70 10 110600 
17/04/1996 158 70 10 110600 
18/04/1996 158 70 10 110600 
19/04/1996 158 70 10 110600 
20/04/1996 158 70 10 110600 
21/04/1996 158 70 10 110600 
22/04/1996 158 70 10 110600 
23/04/1996 158 70 10 110600 
24/04/1996 158 70 10 110600 
25/04/1996 158 70 10 110600 
26/04/1996 158 70 10 110600 
27/04/1996 158 70 10 110600 
28/04/1996 158 70 10 110600 
29/04/1996 158 70 10 110600 
30/04/1996 158 70 10 110600 
1/05/1996 158 70 10 110600 
2/05/1996 158 70 10 110600 
3/05/1996 158 70 10 110600 
4/05/1996 158 70 10 110600 
5/05/1996 158 70 10 110600 
6/05/1996 158 70 10 110600 
7/05/1996 158 70 10 110600 
8/05/1996 158 70 10 110600 
9/05/1996 158 70 10 110600 
10/05/1996 158 70 10 110600 
11/05/1996 158 70 10 110600 
12/05/1996 158 70 10 110600 
13/05/1996 158 70 10 110600 
14/05/1996 158 70 10 110600 
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15/05/1996 158 70 10 110600 
16/05/1996 158 70 10 110600 
17/05/1996 158 70 10 110600 
18/05/1996 158 70 10 110600 
19/05/1996 158 70 10 110600 
20/05/1996 158 70 10 110600 
21/05/1996 158 70 10 110600 
22/05/1996 158 70 10 110600 
23/05/1996 158 70 10 110600 
24/05/1996 158 70 10 110600 
25/05/1996 158 70 10 110600 
26/05/1996 158 70 10 110600 
27/05/1996 158 70 10 110600 
28/05/1996 158 70 10 110600 
29/05/1996 158 70 10 110600 
30/05/1996 158 70 10 110600 
31/05/1996 158 70 10 110600 
1/06/1996 158 70 10 110600 
2/06/1996 158 70 10 110600 
3/06/1996 158 70 10 110600 
4/06/1996 158 70 10 110600 
5/06/1996 158 70 10 110600 
6/06/1996 158 70 10 110600 
7/06/1996 158 70 10 110600 
8/06/1996 158 70 10 110600 
9/06/1996 158 70 10 110600 
10/06/1996 158 70 10 110600 
11/06/1996 158 70 10 110600 
12/06/1996 158 70 10 110600 
13/06/1996 158 70 10 110600 
14/06/1996 158 70 10 110600 
15/06/1996 158 70 10 110600 
16/06/1996 158 70 10 110600 
17/06/1996 158 70 10 110600 
18/06/1996 158 70 10 110600 
19/06/1996 158 70 10 110600 
20/06/1996 158 70 10 110600 
21/06/1996 158 70 10 110600 
22/06/1996 158 70 10 110600 
23/06/1996 158 70 10 110600 
24/06/1996 158 70 10 110600 
25/06/1996 158 70 10 110600 
26/06/1996 158 70 10 110600 
27/06/1996 158 70 10 110600 
28/06/1996 158 70 10 110600 
29/06/1996 158 70 10 110600 
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30/06/1996 158 70 10 110600 
1/07/1996 158 70 10 110600 
2/07/1996 158 70 10 110600 
3/07/1996 158 70 10 110600 
4/07/1996 158 70 10 110600 
5/07/1996 158 70 10 110600 
6/07/1996 158 70 10 110600 
7/07/1996 158 70 10 110600 
8/07/1996 158 70 10 110600 
9/07/1996 158 70 10 110600 
10/07/1996 158 70 10 110600 
11/07/1996 158 70 10 110600 
12/07/1996 158 70 10 110600 
13/07/1996 158 70 10 110600 
14/07/1996 158 70 10 110600 
15/07/1996 158 70 10 110600 
16/07/1996 158 70 10 110600 
17/07/1996 158 70 10 110600 
18/07/1996 158 70 10 110600 
19/07/1996 158 70 10 110600 
20/07/1996 158 70 10 110600 
21/07/1996 158 70 10 110600 
22/07/1996 158 70 10 110600 
23/07/1996 158 70 10 110600 
24/07/1996 158 70 10 110600 
25/07/1996 158 70 10 110600 
26/07/1996 158 70 10 110600 
27/07/1996 158 70 10 110600 
28/07/1996 158 70 10 110600 
29/07/1996 158 70 10 110600 
30/07/1996 158 70 10 110600 
31/07/1996 158 70 10 110600 
1/08/1996 158 70 10 110600 
2/08/1996 158 70 10 110600 
3/08/1996 158 70 10 110600 
4/08/1996 158 70 10 110600 
5/08/1996 158 70 10 110600 
6/08/1996 158 70 10 110600 
7/08/1996 158 70 10 110600 
8/08/1996 158 70 10 110600 
9/08/1996 158 70 10 110600 
10/08/1996 158 70 10 110600 
11/08/1996 158 70 10 110600 
12/08/1996 158 70 10 110600 
13/08/1996 158 70 10 110600 
14/08/1996 158 70 10 110600 
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15/08/1996 158 70 10 110600 
16/08/1996 158 70 10 110600 
17/08/1996 158 70 10 110600 
18/08/1996 158 70 10 110600 
19/08/1996 158 70 10 110600 
20/08/1996 158 70 10 110600 
21/08/1996 158 70 10 110600 
22/08/1996 158 70 10 110600 
23/08/1996 158 70 10 110600 
24/08/1996 158 70 10 110600 
25/08/1996 158 70 10 110600 
26/08/1996 158 70 10 110600 
27/08/1996 158 70 10 110600 
28/08/1996 158 70 10 110600 
29/08/1996 158 70 10 110600 
30/08/1996 158 70 10 110600 
31/08/1996 158 70 10 110600 
1/09/1996 158 100 10 158000 
2/09/1996 158 100 10 158000 
3/09/1996 158 100 10 158000 
4/09/1996 158 100 10 158000 
5/09/1996 158 100 10 158000 
6/09/1996 158 100 10 158000 
7/09/1996 158 100 10 158000 
8/09/1996 158 100 10 158000 
9/09/1996 158 100 10 158000 
10/09/1996 158 100 10 158000 
11/09/1996 158 100 10 158000 
12/09/1996 158 100 10 158000 
13/09/1996 158 100 10 158000 
14/09/1996 158 100 10 158000 
15/09/1996 158 100 10 158000 
16/09/1996 158 100 10 158000 
17/09/1996 158 100 10 158000 
18/09/1996 158 100 10 158000 
19/09/1996 158 100 10 158000 
20/09/1996 158 100 10 158000 
21/09/1996 158 100 10 158000 
22/09/1996 158 100 10 158000 
23/09/1996 158 100 10 158000 
24/09/1996 158 100 10 158000 
25/09/1996 158 100 10 158000 
26/09/1996 158 100 10 158000 
27/09/1996 158 100 10 158000 
28/09/1996 158 100 10 158000 
29/09/1996 158 100 10 158000 
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30/09/1996 158 100 10 158000 
1/10/1996 158 10 10 15800 
2/10/1996 158 10 10 15800 
3/10/1996 158 10 10 15800 
4/10/1996 158 10 10 15800 
5/10/1996 158 10 10 15800 
6/10/1996 158 10 10 15800 
7/10/1996 158 10 10 15800 
8/10/1996 158 10 10 15800 
9/10/1996 158 10 10 15800 
10/10/1996 158 10 10 15800 
11/10/1996 158 10 10 15800 
12/10/1996 158 10 10 15800 
13/10/1996 158 10 10 15800 
14/10/1996 158 10 10 15800 
15/10/1996 158 10 10 15800 
16/10/1996 158 10 10 15800 
17/10/1996 158 10 10 15800 
18/10/1996 158 10 10 15800 
19/10/1996 158 10 10 15800 
20/10/1996 158 10 10 15800 
21/10/1996 158 10 10 15800 
22/10/1996 158 10 10 15800 
23/10/1996 158 10 10 15800 
24/10/1996 158 10 10 15800 
25/10/1996 158 10 10 15800 
26/10/1996 158 10 10 15800 
27/10/1996 158 10 10 15800 
28/10/1996 158 10 10 15800 
29/10/1996 158 10 10 15800 
30/10/1996 158 10 10 15800 
31/10/1996 158 10 10 15800 
1/11/1996 158 10 10 15800 
2/11/1996 158 10 10 15800 
3/11/1996 158 10 10 15800 
4/11/1996 158 10 10 15800 
5/11/1996 158 10 10 15800 
6/11/1996 158 10 10 15800 
7/11/1996 158 10 10 15800 
8/11/1996 158 5 10 7900 
9/11/1996 158 5 10 7900 
10/11/1996 158 5 10 7900 
11/11/1996 158 5 10 7900 
12/11/1996 158 5 10 7900 
13/11/1996 158 5 10 7900 
14/11/1996 158 5 10 7900 
198 
 
15/11/1996 158 5 10 7900 
16/11/1996 158 5 10 7900 
17/11/1996 158 5 10 7900 
18/11/1996 158 5 10 7900 
19/11/1996 158 5 10 7900 
20/11/1996 158 5 10 7900 
21/11/1996 158 5 10 7900 
22/11/1996 158 5 10 7900 
23/11/1996 158 5 10 7900 
24/11/1996 158 5 10 7900 
25/11/1996 158 5 10 7900 
26/11/1996 158 5 10 7900 
27/11/1996 158 5 10 7900 
28/11/1996 158 5 10 7900 
29/11/1996 158 5 10 7900 
30/11/1996 158 5 10 7900 
1/12/1996 158 5 10 7900 
2/12/1996 158 5 10 7900 
3/12/1996 158 5 10 7900 
4/12/1996 158 5 10 7900 
5/12/1996 158 5 10 7900 
6/12/1996 158 5 10 7900 
7/12/1996 158 5 10 7900 
8/12/1996 158 5 10 7900 
9/12/1996 158 5 10 7900 
10/12/1996 158 5 10 7900 
11/12/1996 158 5 10 7900 
12/12/1996 158 5 10 7900 
13/12/1996 158 5 10 7900 
14/12/1996 158 5 10 7900 
15/12/1996 158 5 10 7900 
16/12/1996 158 5 10 7900 
17/12/1996 158 5 10 7900 
18/12/1996 158 5 10 7900 
19/12/1996 158 5 10 7900 
20/12/1996 158 5 10 7900 
21/12/1996 158 5 10 7900 
22/12/1996 158 5 10 7900 
23/12/1996 158 5 10 7900 
24/12/1996 158 5 10 7900 
25/12/1996 158 5 10 7900 
26/12/1996 158 5 10 7900 
27/12/1996 158 5 10 7900 
28/12/1996 158 5 10 7900 
29/12/1996 158 5 10 7900 
30/12/1996 158 5 10 7900 
199 
 
31/12/1996 158 5 10 7900 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
